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ABSTRACT 
 
 
Silicon nanowires (SiNWs) have received considerable attention as base materials 
for third-generation photovoltaic (PV) devices because they lend themselves to large- 
scale production with enhanced light trapping and increased overall performance. 
Previous studies have grown SiNWs on indium tin oxide-coated glass substrates by the 
pulsed plasma-enhanced chemical vapour deposition method (PPECVD) using tin (Sn), 
aluminum (Al), gold (Au) and zinc (Zn) as catalysts. 
Various catalysts (Sn, Zn, Au and Al) with thin film thicknesses from 10nm to 
 
100nm, were used in this study of SiNW growth. Surface morphology analysis, by 
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), of 
the grown SiNWs showed the influence of the catalyst type and thickness. The wires 
became thicker and shorter as the catalyst thickness increased. However, the SiNWs 
catalyzed by Al metal were thicker than those grown using Sn, Au and Zn metals. The 
density of the SiNWs decreased as the catalyst thickness increased. For example, the 
10nm thick Al catalyst produced the greatest SiNW density of 20NW/μm2, whereas 
the 100nm-thick Au resulted in the lowest density of 6NW/μm2. 
The effect of catalyst type and thickness on the structural properties of the 
grown SiNWs was investigated through X-ray diffraction (XRD). The XRD 
measurements showed that the SiNWs grown with Au catalysts had higher crystallinity 
than those grown using other catalysts. Moreover, the diffraction peaks became sharper 
with increasing wire diameter, indicating that the crystallinity of the grown SiNWs was 
enhanced. The optical properties of the prepared SiNWs were investigated by 
photoluminescence (PL) and Raman spectra. A red emission band was clearly observed 
in the PL spectra of all the prepared SiNWs. In the Raman spectrum, the first-order 
iv  
transverse optical mode (1TO) was exhibited in all SiNWs catalyzed using Sn, Au, Al 
and Zn. However, the 1TO peak location depended on the catalyst type and thickness. 
Important results were observed at a catalyst thickness of 80nm for all catalysts because 
the 1TO Raman peak was closest to the crystalline Si peak location for all the prepared 
samples, except for the SiNWs prepared using 100nm of Au metal. 
The crystal size of the grown SiNWs was calculated from the Raman spectra. In 
general, the crystal size of the grown SiNWs using 10, 20, 40, 60 and 100nm of Sn, Al 
and Zn metals decreased with increasing thickness of catalyst. However, the SiNWs 
prepared using 80nm thick Sn, Al and Zn catalysts had the largest crystal size. In 
contrast,  the crystal  size of SiNWs  catalyzed  by Au increased  with  increasing the 
catalyst thickness. 
Several designs of solar cells based on SiNWs were fabricated by the PPECVD 
method at 400°C on an ITO-coated glass substrate using the two most promising 
catalysts, Zn and Au. The first one was a p-type SiNWs/i-amorphous Si/n-type 
amorphous Si (p-i-n) structure using the Zn catalyst. The photocurrent density of the 
fabricated device was 13.3mA/cm
2  
and the open-circuit voltage was 0.5V. A high- 
performance nanowire solar cell fabricated in this work had 2.05% light conversion 
efficiency. 
The other device structures were fabricated by doping SiNWs catalyzed with Zn 
and Au as p and n type to fabricate p-n homo-junction SiNW solar cells. The fabricated 
pn junction solar cell based on the Zn-catalyzed SiNWs showed a higher efficiency of 
1.01% compared with the Au catalyzed SiNW solar cell with an efficiency of 0.67%. 
These promising results provide a basis for further studies aimed at optimizing the 
device designs. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 Overview  
      There’s plenty of room at the bottom,” the famous lecturer Richard Feynman said 
in 1959 when he suggested the possibility of manipulating things at the atomic level 
(Feynman 1960). The real burst of nanotechnology did not come until the early 1990s 
and the discovery produced a paved way for the new and exciting field of nanoscience 
and nanotechnology. Furthermore, the increasing availability of methods for the 
synthesis of nanostructured materials and the tools for characterization contributed 
significantly to the breadth of this field.  
         Nano- materials have unique properties because of their nanometre sizes and are 
thus receiving considerable attention in nanotechnology applications. Moreover, the 
properties of such structures depend on their dimensionality, size and morphology, 
which are significantly different from their corresponding bulk counterparts (Koo 
2006).  
Nano-materials can be classified as zero-dimensional (0D), one-dimensional (1D), 
and two-dimensional (2D) materials depending on the quantum confinement (i.e., the 
number of nanoscale dimensions). Zero-dimensional (0D) structures have three 
nanoscale dimensions, such as nanoparticles, quantum dots, and so on. One- 
dimensional (1D) structures have two nanoscale dimensions, such as nanorods, 
nanobelts, nanowires, and so on. Two-dimensional 2D structures have one nanoscale 
dimension, such as nanosheets, nanowalls, nanoflowers, and nanocrystalline thin films 
(Xia et al. 2003). 
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In the past few decades, 1D nanomaterials including nanowires have attracted 
extraordinary attention, and as potential electronic components, because of their unique 
physical and chemical properties. Compared with conventional bulk phase or thin films, 
1D nanomaterials have several unique advantages including high crystallinity, self-
assembly, high surface-to-volume ratio, quantum confinement effects, as well as slow 
electron–hole recombination (Sattler 2011; David 2011). Given their fascinating 
properties, 1D nanostructures attract considerable attention and unique applications, 
especially in optoelectronic nanodevices (Chanda et al. 2009).   
Nanowires offer new opportunities to explore the effects of surfaces, interfaces, 
strain, and quantum confinement on the properties of nanoscale materials, which are 
defined as structures with diameters of 100nm or less and lengths that are often in the 
tens of nanometres to tens of micrometres (Bhushan 2007).  
Silicon (Si) is a common material and is the second most abundant element, 
exceeded only by oxygen. In addition, Si is nontoxic and makes up 25% of the Earth’s 
crust, having an almost ideal band gap of 1.1eV, with long term stability (Gajovic et al. 
2008). Thus, one of the most important 1D nanostructured materials is the Si nanowire 
(SiNW), which has unique physical properties, making it a popular choice for a variety 
of nanotechnology applications (Sato et al. 2012; Agarwa; et al. 2008; Kempa et al. 
2008). 
In 1960, the vapor–liquid–solid (VLS) mechanism of Si nanowire growth was 
proposed by Wagner and Ellis 1964. To date, this growth mechanism is the most 
common method for synthesizing SiNWs. Finding new alternative sources of energy 
has become urgent over the past few years for several reasons, including the foreseeable 
end of cheap oil supplies, the instability and sharply rising prices of fossil fuels (the 
price of crude oil has increased by a factor of 5 in the last few years), and the 
environmental pollution caused by burning oil (Jha 2010).  
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Global energy demand will more than double by 2050 and will triple by the end of 
the century. At the same time, an estimated 1.64 billion people, mostly in developing 
countries, are not yet connected to an electricity grid; thus renewable energy (RE) offers 
some hope for improving their quality of life (Jha 2010).  
    Among the REs available, solar power is arguably the most promising and 
probably the only one of the alternative fuels and nuclear sources that can provide our 
total energy needs. The average intensity of solar radiation that strikes the earth in one 
hour (4.3 × 10
20
 J) provides as much energy as we currently consume over an entire 
year (4.1 × 10
20
 J (~13 TW).  
Covering 0.16% of the land on earth with 10% efficient solar conversion devices 
would provide 20TW of power (Lewies 2007). Solar electricity generation is now the 
fastest-growing electricity source, doubling its output every two years. The solar 
photovoltaic (PV) market has grown at an annual rate of about 50% over the past few 
years, growing to 3800 MW in 2007 from 2521 MW in 2006 (Mario et al. 2008).  
Silicon solar cells are the most widely used PV technology because of the availability 
and relatively cheap price of the silicon, in addition to its desirable physical properties. 
However, the need for a large area to collect the solar energy is still one of the factors 
that constrain most users of solar energy. Using nanomaterials may possibly lead to 
higher efficiencies and lower cost designs of solar cells because of their high surface-to-
volume ratio. However, the solar cell based on nanocrystalline materials could have low 
efficiencies due to increased carrier recombination at the surface. 
Therefore, an enormous increase in interest in the development of thin film solar 
cell technologies has been observed in recent years and this is also known as the second 
generation of PV, It aims to transform the PV industry through cost reductions and 
increasing market penetration. The next stage in the nanotechnology revolution is the 
use of nanostructured materials to produce low cost, high yielding, and efficient solar 
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cells, known as the third-generation of PV cells (Sivakov et al. 2009). Nanostructured 
solar cells offer several advantages including the ability to improve on the single 
junction solar cell efficiency by implementing new concepts and the ability to overcome 
practical limitations in existing devices, such as tailoring the material properties of 
existing materials or using nanostructures to overcome constraints related to lattice 
matching. Moreover, there is also a potential for low cost solar cell structures using self-
assembled nanostructures.  
Producing high-efficiency and cheap solar cells has become an important goal of 
research. Therefore, SiNWs have acquired increasing attention for achieving the third 
generation solar cell, which would allow the reduction of device production and 
material costs, as well as for the development of the new generation of thin film Si solar 
cells with enhanced light trapping (Tsakalakos et al. 2007). Using Si nanowire array-
based PV cells has great potential because of the proven track record of polycrystalline 
Si solar cells. In addition, Si nanowires have high absorbance of light because the band 
gap in SiNWs transforms from indirect into direct induced by the quantum confinement 
effect at the nanometre size (Feynman 1960; Honsberg et al. 2006). 
    Moreover, the optical band gap of SiNWs increases with the decrease in the 
wire diameter; thus, they are potentially more useful in optoelectronic applications than 
bulk Si (Ma et al. 2003). There are a number of advantages of applying SiNWs for 
fabricating solar cells. First is the quantum confinement effect. The optical band gap of 
bulk Si can be increased from an indirect band gap to a direct band gap as a result of 
dimensional confinement (Honsberg et al. 2006). The outcome of this process is to shift 
the photoresponse of Si closer to the maximum of the solar spectrum at the earth’s 
surface, thereby improving the energy collection efficiency of the cell. Another 
advantage of SiNWs is that they are good absorbers of light; regular silicon is 20% to 
40 % reflective, while SiNWs are only 4% reflective (Feynman 1960; Koo 2006). 
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1.2   Scope of the Study  
 Silicon nanowires were synthesized by the Pulsed Plasma Enhanced Chemical 
Vapor Deposition (PPECVD) method (Parlevliet 2008). Among the several growth 
mechanisms used to describe the synthesis of SiNWs, the VLS mechanism is the most 
widely used and gold is the most common metal used as a catalyst.  
Cheaper alternative metals would be useful for producing similar densities of 
nanowires. Thus, different metal catalysts were tested in this project, such as aluminum, 
tin and zinc, in an attempt to improve the properties of the SiNWs for PV applications. 
The effects of the catalyst type and thickness on the morphological, structural, and 
optical properties of the grown SiNWs were also investigated.  
 Using SiNWs in PV devices has several advantages, including lower production 
costs, increased conversion efficiency, and good stability. Therefore, a new design was 
explored for producing PV devices using SiNWs to incorporate their novel properties 
into solar cells, thereby fabricating SiNW-based solar cells. Two structures of the solar 
cell were studied: the homojunction pn SiNWs and SiNWs/a-Si hybrids. The prepared 
solar cells were characterized and optimized.  
 
1.3 Research Objectives 
 The overall Research Question was to determine whether the inclusion of suitable    
SiNWs in thin film solar cells could improve their efficiency and stability. 
 The current study aims to achieve the following: 
1. Prepare SiNWs by the PPECVD process method. 
2. Study the effect of metal catalyst type on the morphology, crystalline structure, and 
optical properties of the grown SiNWs. 
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3. Study the effect of metal catalyst thickness on the morphology, crystalline structure, 
and optical properties of the synthesized SiNWs. 
4. Fabrication of hybrid SiNWs/a-Si solar cells and studying their characteristic. 
5. Fabrication of homojunction pn SiNWs solar cells and studying their characteristic.  
1.4 Outline of the Thesis  
This thesis contains ten chapters. In Chapter 1, the general overview about the 
subject of the study has been provided. Chapter 2 contains the literature review about 
the growth of SiNWs catalyzed using different metals and various preparation 
parameters, as well as the fabrication of SiNW-based solar cell structures. This section 
also includes a theoretical background related to the study subject. Chapter 3 describes 
the methods used to fabricate, characterize and optimize the SiNWs and PV devices and 
the experimental techniques used to collect and analyze the properties of the grown 
SiNWs. 
 In Chapter 4, the effect of Sn catalyst layer thickness on the morphology, 
structural and optical properties of the prepared SiNWs is investigated. Varying 
thicknesses of Al catalyst are used to produce SiNWs and the physical properties of the 
grown SiNWs are discussed in Chapter 5. In Chapter 6, SiNWs were grown using 
varying thickness of Au metal as a catalyst and the surface morphology, crystalline 
structure and optical properties were studied. The preparation SiNWs catalyzed with 
different thickness of Zn and controlling the properties and diameter of SiNWs by 
controlling the thickness of the catalyst is reported in Chapter 7.  Chapter 8 includes a 
comparison and discussion of the results of using different types and layer thicknesses 
of catalyst on the properties of the grown SiNWs.  In Chapter 9, several prototype solar 
cell devices based on SiNWs are fabricated. The details of the design and characteristics 
of the devices are also discussed in this chapter. Chapter 10 includes the conclusions 
and suggestions for future work.  
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CHAPTER TWO 
LITERATURE REVIEW AND THEORETICAL 
CONCEPTS 
 
 
2.1 Introduction 
       This Chapter presents a literature review of the preparation of Si nanowires 
(SiNWs) catalyzed using different metal catalysts, as well as the various preparation 
parameters. A part of this section focuses on the fabrication of SiNW-based solar cells. 
Several theoretical backgrounds related to the study subject, such as the growth 
mechanism and techniques for the preparation of SiNWs, the properties of SiNWs, and 
the application of SiNWs are also discussed. 
2.2 Preparation of SiNWs by PECVD and Pulsed PECVD 
methods 
  Hofmann et al. (2003) fabricated SiNWs via the PECVD method using silane 
(SiH4) and gold (Au) as a catalyst under the following conditions: 13.6MHz of radio 
frequency (RF), temperature of 380°C, and pressures between 0.4 and 2.4mbar. They 
found that RF plasma significantly increased the growth rate without decreasing the 
crystallinity of the as-grown wire structures.  
In addition, a microwave plasma reactor was used to synthesize single crystal 
SiNWs using SiH4 with molten gallium (Ga) pools. The SiNWs grown under the 
conditions of 2% SiH4/H2, 40 torr of pressure, and 700W of plasma power consisted of 
a single crystalline NW grown along the <100> direction, with a diameter ranging from 
tens to hundreds of nanometres and a length ranging from tens to hundreds of 
micrometres (Sharma 2004). Iocopi et al. (2007) showed that the combined use of 
plasma enhancement with a low melting point catalyst, such as In, is a powerful method 
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for obtaining high yield growth of SiNWs. Very high frequency PECVD (VHF-
PECVD) with 150MHz and 15W of power at a temperature range of 363°C to 230°C 
was used to carry out the SiNW growth. Notably, the SiNWs grew by the Vapour-Solid-
Solid (VSS) mechanism at temperatures as low as 250°C, whereas no growth occurred 
when the temperature was around 230°C (Hamidinezhad et al. 2011).  
Moreover, Rathi et al. (2011) noted that using plasma treatment to grow SiNWs 
by the PECVD method, with Sn as catalyst, can reduce the oxide layer on the Sn 
surface. The 20W of plasma power at 13.56MHz and temperatures ranging from 300°C 
to 400°C were applied to grow the SiNWs. Axial and radial growth rates were 
controllable through hydrogen dilution of the plasma which affects the concentration of 
the SiH4 radicals in the plasma. 
  Garozzo et al. (2013) synthesized SiNWs by PECVD using SiH4 as the Si gas 
source at 380°C. They investigated both 1D uncatalyzed and 2D catalyzed SiNWs by 
fixing the chamber pressure and changing the plasma power. They found that the 
growth rate of NWs depended on the plasma power, with a maximum at about 20W.  A 
modification of the PECVD method is known as the pulsed PECVD (PPECVD).  
     Parlevliet (2008) determined the affect of using pulsed PECVD in the range of 
modulation frequencies. He noted that using the pulsed plasma with different 
modulation frequencies led to improve growth of SiNWs at low deposition temperature. 
Also, the average NWs density and the rate of deposition of the amorphous silicon (Si) 
layer both increased as the plasma modulation frequency increased towards 1000HZ. 
The PPECVD technique increased the deposition rate of a-Si, µc-Si, and nc-Si, while 
suppressing the dust formation that tended to occur when the deposition rate was 
increased by increasing the plasma power (Das et al. 2003). 
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2.3 Catalysts Used to Grow SiNWs 
SiNWs grown by the vapor-liquid-solid (VLS) mechanism require the use of 
catalysts to increase the growth rate. Various types of catalysts have been used to grow 
SiNWs by the VLS mechanism, such as Ga, which has been used to grow SiNWs by the 
PECVD method (Boj 2010). Sharma and Sunkara (2004) synthesized single crystal 
SiNWs using large pools of molten Ga and a microwave plasma containing SiH4 gas. 
Indium (In) has also been used to catalyze SiNWs using hydrogen radical treatment at a 
temperature of 400°C (Jeon and Kamisako 2008).  
Copper (Cu) is another catalyst that has been used to synthesize SiNWs by the 
VLS mechanism using the CVD method (Demichel 2009). Titanium (Ti) has been used 
as a catalyst to grow SiNWs; however, the NW growth mechanism differs from the 
usual VLS mechanism, which depends on the eutectic temperature of Ti/Si (Kamins et 
al. 2000; Sharma et al. 2004). Iron (Fe) has also been used to catalyze SiNWs by laser 
ablation (Fukata 2005).  
            Moreover, gold (Au), tin (Sn), aluminum (Al) and zinc (Zn) have been used as 
catalysts to grow SiNWs. However, Au is the most common catalyst for the synthesis of 
SiNWs because of its advantages, such as a low temperature eutectic point with Si 
(363°C), it does not form silicate, and its resistance to oxidation in air (Hofmann et al. 
2003). SiNWs can be synthesized using Au a as catalyst at lower temperatures than the 
Au–Si eutectic temperature by VHF-PECVD (Hamidinezhad et al. 2011).  
Cui et al. (2001) prepared SiNWs by exploiting well-defined Au nanoclusters as 
the catalyst. They found that the Au catalyst thickness can control the growth of the 
NWs, indicating that the diameter distribution of the SiNWs mirrors that of the 
catalysts. Ho et al. (2012) grew vertically aligned SiNWs by HW-CVD using an Au 
catalyst. Au–Si alloy nanoparticles were formed by annealing the Au-coated Si 
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substrate in H2 at 650°C. Then, ramp cooled precipitate epitaxial Si seeds were formed 
by the liquid phase epitaxy (LPE) mechansim and later the substrate was heated to 
850
o
C in SiCl4/H2 to grow the SiNWs. Meanwhile, Sn is a promising metal catalyst 
candidate for low-temperature synthesis because the Sn–Si alloy has a low eutectic 
temperature. 
 The low eutectic temperature provides new opportunities to lower the growth 
temperature of SiNWs produced by the VLS mechanism, which would also be 
favorable for device fabrication (Jeon and Kamisako 2008; Yu et al. 2009). In addition, 
Sn-catalyzed SiNWs, by  a hydrogen radical assisted deposition method, were examined 
for solar cell application (Jeon and Kamisako 2010).  
  Meshram et al. (2013) formed the Sn catalyst by hot wire atomic hydrogen 
treatment of a 300nm thick Sn film in a thermal evaporator. They synthesized SiNWs 
by HW-CVD at a temperature range of 300°C to 400°C, and found that the diameters 
and lengths of the NWs depend on the Sn thickness and the growth time, respectively.  
Recently, the use of Al as a catalyst for growing SiNWs has attracted significant 
attention. However, using Al as a catalyst has been found to be more challenging 
because of the reactivity of Al with O2 and H2O that leads to the formation an oxide 
layer (Wacaser et al. 2009). Moreover, Al metal can dope Si to form an acceptor level 
in the Si band gap; thus, using Al as a catalyst is promising for obtaining a p-type SiNW 
(Sze 2007b). 
    Wacaser et al. (2009) showed that although the Al temperature is below the 
Al/Si eutectic temperature, SiNW growth occurs with a super cooled liquid droplet by 
the VLS mechanism through ultra-high vacuum CVD. They also showed the effect of 
varying the Al layer thickness, which clearly influences the average diameters of the 
grown NWs. 
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     Wang and co-workers (2006) used Al as a catalyst to grow SiNWs on Si(111) 
at temperatures ranging from 430°C  to 490°C, which is lower than the eutectic 
temperature in the VSS mechanism. In addition, Ke et al. (2009) demonstrated that the 
Al-catalyzed growth of SiNWs is a promising approach for obtaining a high aspect ratio 
with a single crystal, p-type as-grown SiNWs for photovoltaic applications.  
Moreover, several reports have been published on the use of zinc metal as a catalyst to 
grow SiNWs. Zn has been shown to be an effective catalyst material. Thus, Yu et al. 
(2000) and Chung et al. (2000) synthesized SiNWs using CVD, and demonstrated VLS 
SiNWs grown by the CVD process using SiH4 at a partial pressure of 6.7mbar and 
temperatures between 440 and 500°C. 
       The Zn catalyst was created by the deposition of ZnCl2/ethanol solution on a Si 
substrate and heating the substrate at 450°C. They obtained SiNWs with diameters 
between 15 and 35nm. The SiNW synthesis by the gas-phase reaction of SiCl4 with Zn 
at 1000°C resulted in SiNWs with diameters ranging from 40nm to 80nm. Zn metal was 
likewise observed at the end of the NWs, indicating that SiNWs could be grown by the 
VLS mechanism (Uesawa et al. 2010). 
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2.4 Fabrication of Solar Cells based on SiNWs 
   The PPCVD method was used to produce SiNW-based photovoltaic devices, with a 
13.56MHz RF source used to generate a 35W plasma and a modulation frequency of 
1000Hz under 3torr (Parlevliet and Jennings 2011). A new doping process has been 
developed for fabricating low cost SiNW-based solar cells, which includes using a sol-
gel method with phosphorus pentoxide (P2O5), combined with a screen printing method 
for the fabrication of electrodes. The photovoltaic characteristics showed good 
performance, which could be suitable for low cost, high efficiency solar cell, based on 
SiNWs (Huang et al. 2012).  
     Kumar et al. (2011) fabricated solar cells with highly improved antireflection 
properties and a n+-p-p+ structure, based on SiNW arrays, by a wet chemical etching 
process. Various substrates have been used to fabricate solar cells based on SiNWs.  
Odomell et al. (2011) used glass as a substrate to synthesize radial p-i-n junctions of 
intrinsic and n-type hydrogenated a-Si over p-type SiNWs by the PECVD method, with 
an efficiency of about 5.6%.  
 In addition, SiNW arrays have been produced on glass substrates by a wet 
etching process of microcrystalline p-/n-/n+ Si. The fabricated cells presented low 
reflectance and strong broadband optical absorption, and showed good performance as a 
PV material, with efficiencies of up to 4.4% (Sivakov et al. 2009). Yu and co-workers 
(2010) produced a SiNW-based thin film solar cell on a TCO/glass substrate by the 
PECVD method. Solar cells based on SiNWs have enhanced light trapping properties, 
exhibiting strong light trapping absorption effects because of the structures of the 
SiNWs.  
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Cho et al. (2013) also used a glass substrate covered with ZnO:Al to grow radial 
junction SiNW solar cell (pin) structure by the PECVD method. For the p-type SiNWs 
covered with intrinsic and n- type hydrogenated amorphous Si, the solar cells showed 
4.9% efficiency, Voc = 0.8V, and Jsc = 12.4mA/cm
2
.  
Single crystal Si wafers have been used as a substrate to synthesize SiNWs with 
a Sn catalyst by a hydrogen radical assisted deposition method. The structure of the 
synthesized SiNWs cells showed potential for photovoltaic applications (Jeon and 
Kamisako 2009). Fang et al. (2008) fabricated slanting-aligned SiNW arrays on a 
Si(111) substrate using wet chemical etching with dry metal deposition, and employed 
the prepared SiNW arrays in solar cell applications with high efficiency. Moreover, p-n 
junction SiNW solar cells on a metal foil substrate, fabricated by the CVD method 
exhibited an efficiency of 0.1%. They also found that the optical reflectance of the 
SiNW solar cells were reduced by one to two orders of magnitude compared with planar 
cells (Tsakalakos et al. 2007).  
         Investigations on PV properties at the single nanowire (NW) level could permit 
the determination of the intrinsic limits and potential benefits of nanoscaled devices and 
reveal the present flaws that require further improvement. Tian et al. (2007) synthesized 
individual coaxial p-type/intrinsic/n-type SiNWs with efficiencies up to 3.4%. The 
output of these devices can be increased either by increasing the light intensity or by 
using several coupled elements.  Moreover, Yoo et al. (2013) demonstrated single 
crystalline doped and undoped Si radial p-n and p-i-n junctions grown on vertical 
SiNWs by low pressure CVD with Jsc of 40 mA/cm
2
 and efficiency of 10%. Recently, 
the realization of a single NW tandem solar cell has been described, which is basically 
an axial p-i-n+–p+-i-n Si heterostructure. The device showed an average increase of 
57% in its open-circuit voltage compared with the single p-i-n device.  
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The Voc values of the single p-i-n radial and axial heterostructures were similar 
despite the very different diode junction geometries. This finding is most striking in 
comparison with the p-i-n axial versus coaxial Si (Kempa et al. 2008). Xie et al. (2012) 
used the PECVD method to produce radial n-i-p structure SiNW-based µc-Si:H thin 
film solar cells on stainless steel foil. Their cells initially showed a Voc of 0.37V, Jsc of 
13.36mA/cm
2
, and an efficiency of 1.48%, which improved to 0.48V, 13.42mA/cm
2
, 
and 2.25%, respectively, after acid treatment. 
2.5 Mechanisms of SiNW Growth 
Several physical and chemical methods are available for fabricating SiNWs, 
which depend on various mechanisms, such as super critical vapour-liquid-solid, oxide 
assisted growth, and metal assisted chemical etching (Holmes et al. 2000; Heitsch et al. 
2008; Shi et al. 2000; Smith et al. 2013). The VLS mechanism offers the concrete 
possibility of SiNW growth, with controlled diameter, density, length, position, and 
doping characteristics, as well as the mass production of SiNWs for device applications 
(Peng et al. 2013). 
 
2.5.1 VLS Mechanism  
This mechanism is commonly used to grow 1D semiconductor. It was first 
described by Wagner and Ellis in the 1960s for growing Si whiskers. VLS is still the 
most popular synthesis technique for growing NWs. The validity range of this 
mechanism is astonishingly broad because wires with diameters from a few nanometres 
up to a few hundred micrometres can be synthesized. 
     The growth process of Si wires by the VLS mechanism consists of three steps. 
First is the adsorption and cracking of the gaseous Si precursor, providing atomic Si for 
the growth, followed by the incorporation of Si atoms into the droplet. Second is the 
diffusion of the Si atoms through the droplet. 
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      Third is the condensation of Si onto the Si wire at the liquid–solid interface. The 
properties of the droplet surface play an important role for the unidirectionality of the Si 
wire growth in the VLS growth mechanism (Westwater et al. 1998). When Au was 
deposited on the Si substrate, and then heated to temperatures above 363°C, small liquid 
Au–Si alloy droplets were formed on the substrate surface. Gaseous Si precursors, such 
as silicon tetrachloride (SiCl4) or silane (SiH4), will crack on the surface of the Au–Si 
alloy droplets, whereupon Si is incorporated into the droplet. The Si supply from the gas 
phase causes the droplet to become supersaturated with Si until it freezes out at the 
Si/droplet interface, as shown in Figure. 2.1.  
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
 
 
 
Figure 2.1: VLS of SiNWs with Au catalyst 
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Figure 2.2 shows the minimum temperature of certain metals required for the 
VLS growth of SiNWs and the respective impurity level energies in Si. The Figure 
shows that Ga metal had the lowest temperature required to grow SiNWs, while Ti had 
the highest. The nucleation, growth, oxidation, wire diameter, and position of the 
SiNWs grown by the VLS process with a Au catalyst, using SiH4 as the Si gas source, 
have been determined by (Westwater et al. 1998). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2: Minimum temperature of certain metals required for VLS growth of 
Si nanowires plotted versus their respective impurity level energies in 
Si. The energies of these impurity levels are given on the RHS with 
respect to the middle of the Si band gap (Schmidt et al. 2010). 
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2.5.2 VSS Mechanism  
         The growth of SiNWs can be carried out by a VSS mechanism rather than VLS 
when the growth temperature is less than the metal-Si eutectic point in the CVD (Wang 
et al. 2006). In the VSS mechanism, a solid catalyst particle instead of a liquid droplet is 
involved. The VSS mechanism is more likely to take place at lower temperatures 
(<363°C) (Falk et al. 2007; Zhang et al. 2007a; Li 2009).  
 Figure 2.3 shows a schematic of the VSS mechanism for the growth of tapered 
NWs. First, SiH4 species are decomposed and transferred to the Si substrate. The 
growth of the SiNWs below the nominal decomposition temperatures is possible 
because solid and liquid metal particles accelerate the decomposition of SiH4. At the 
next step, the Si atoms are delivered to the growth interface by bulk or surface 
diffusion. Finally, the inclusion of atoms at the interface is preferred in VSS growth, as 
shown in Figure 2.3C (Wacaser et al. 2009). In the VSS mechanism, the catalyst 
remains solid as a spherical cap at the top of the wires during the growth of NWs, and 
then increases the adsorption and decomposition of the precursor gas (Molnar et al. 
2013). 
In contrast to the VLS growth mechanism, the growth through the VSS mecha-
nism consumes more energy due to the diffusion of Si atoms into the NW through a 
solid catalyst. The precipitation of Si in the solid Au is much slower than in the liquid. 
Other catalysts, such as Cu and nickel, are used to grow SiNWs by the VSS mechanism.  
Other authors found that the mechanism of growth temperature was lower than the 
eutectic temperature Cu/Si and Ni/Si, so the size of the catalyst was still large to 
produce a massive drop in the melting temperature (Arbiol et al. 2007; Molnar et al. 
2013). The NW growth rate by the VSS process is much slower because the rate of 
precipitation of the supersaturated Si in the solid Au catalyst is much lower than the rate 
in the liquid one (Hamidinezhad  et al. 2011). 
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2.6 Catalyst Effect on the NW Morphology 
         Catalyst type has an important role in the control of NW properties, including 
surface morphology, crystallinity, and the carrier concentration of the SiNWs. The 
effect of the catalyst is caused by the value of the eutectic point of the catalyst with Si, 
which can determine the most suitable temperature required to synthesize SiNWs by the 
VLS process. 
 One of the important things that is controlled by the catalyst type is the size of the 
nanoparticles and the wire diameter. The NW diameter is important for determining the 
growth direction, which affects the NW morphology. Thus, the diameter of the catalyst 
droplet determines the size of the wires produced (Wacaser et al. 2009). The SiNW 
properties are strongly size-dependent, in which NWs with larger diameters have 
properties that tend to approximate those of bulk Si (Schell et al. 2005). 
The choice of catalyst depends on the type of NW that is to be produced, where 
the material to be used must be soluble in the catalyst (Mcllroy et al. 2004). Various 
types of metal catalyst have been used to grow SiNWs.  
Figure 2.3: The process steps of the VSS mechanism of the NWs growth. (after 
                      Hamidinezhad et al. 2011). 
SiH4 
A B C 
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According to the study of Schmidt et al. (2009) the catalysts can be classified into 
three groups corresponding to the metal-Si phase diagram, as shown in the Figure 2.4. 
The phase diagram for group A, comprised of Au and Al, is dominated by a eutectic 
point at a Si concentration greater than 10%, and no metal-silicide phase is present.  
Group B includes catalysts, such as Sn and In metals. The phase diagram for this 
group is dominated by a eutectic point at a low Si concentration (<1%), with the 
absence of silicide phases. The phase diagram for group C includes catalysts, such as Ti 
and Cu, and is characterized by the presence of one or more silicide phases with eutectic 
points at temperatures higher than 800°C. Each catalyst presents a different phase 
diagram, so their use should result in different growth phenomena and NW 
morphologies (Schmidt et al. 2010).  
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: The periodic table classified according to the metal/Si phase diagram 
(Schmidt et al. 2010) 
Type - A          Type - B                  Type - C 
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2.7 Growth Techniques 
Different methods can be used to grow SiNWs. The properties of the grown wires 
(morphology, crystalline structure, optical, electrical, and so on) depend on the method 
of the growth. The various growth methods for preparing SiNWs are quite distinct in 
their characteristics, and the question of which method is most suitable depends, to a 
large extent, on the application. 
 
2.7.1 Molecular Beam Epitaxy (MBE) 
        In MBE, a solid high-purity Si source is heated until Si starts to evaporate. A 
directional gaseous beam of Si atoms is aimed at the substrate, in which the atoms are 
adsorbed and crystallized. To reduce contamination, the base pressure of an MBE 
system is usually kept at ultrahigh vacuum, allowing for the monitoring of growth using 
reflection high-energy electron diffraction or other surface sensitive examination 
methods. MBE was initially designed for epitaxial layer-by-layer deposition only. 
 In MBE, two Si fluxes govern wire growth. First, the direct flux of Si from the Si 
source; and second, the flux of diffusing Si atoms from the Si substrate surface 
(Schemidt et al. 2010; Schemidt et al. 2009). MBE is a type of epitaxial growth, where 
the film and the substrate share the same or closely related orientations. This process 
requires a slow deposition rate, and thus an ultrahigh-vacuum environment. In a typical 
solid source MBE system, the target, such as Si, is heated in a separate cell until 
sublimation occurs. The vapour is then introduced into the main deposition chamber, 
and condenses on the substrate. Given the requirement for an ultrahigh vacuum and 
ultraclean substrate surface, the equipment system is usually very complicated and the 
deposition rate is very slow. However, the films deposited by MBE are usually high 
quality epitaxial films on single crystal substrates (Guo and Tan 2009).  
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     The major difference between MBE and other epitaxial growth techniques stems 
from the fact that the growth is carried out in an ultrahigh vacuum environment. 
Therefore, the growth occurs far from thermodynamic equilibrium conditions, and is 
mainly governed by the kinetics of the surface processes. This finding is in contrast to 
the other growth techniques. Other advantages of MBE over other epitaxial growth 
techniques include excellent thickness control and low growth temperatures. Despite its 
technological advantages, MBE suffers from the high costs associated with maintaining 
the ultrahigh vacuum environment (Steiner 2004). 
 
2.7.2 Thermal Evaporation Method (TE) 
The thermal evaporation technique was developed by Lee et al. (2009), and has 
attracted much attention recently due to its advantages, as a low cost, simple, and 
effective method for preparing SiNWs (Zhao 2004). In thermal evaporation, the Si 
source is placed in quartz or alumina tube under high temperature. Thus various sources 
can be used for growing SiNWs, including Si powder mixed with Fe powder and hot 
pressed at around 1200°C (Yu et al. 1998). 
 Si powder and AuPd catalysts were used to grow SiNWs on Si(111) substrate at 
temperatures in the range of 800°C to 1000°C (Mohd et al. 2009). In addition, using 
this method can lead to the growth of SiNWs in the absence of a catalyst under high 
temperature (Pan et al. 2005; Qin et al. 2011). Another advantage of this technique is 
that the Si substrate can be used as a Si source to grow SiNWs using a catalyst, such as 
Ni or  Au (Xing et al. 2002; Wong et al. 2005). 
 
2.7.3 Laser Ablation (LA)  
A high-power pulsed laser ablates material from a mixed Si–catalyst target, which 
is placed in a tube furnace held at high temperatures and purged with an inert gas. 
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     The Si material ablated from the target cools by colliding with inert-gas 
molecules, and the atoms condense to form liquid nanodroplets with the same 
composition as the target. Thus, these nanoparticles contain both Si and the catalyst 
material. 
 According to the VLS mechanism, the SiNWs start to grow when the catalyst 
gets supersaturated with Si, and proceed as long as the catalyst nanoparticles remain 
liquid. This method does not need a substrate, and the composition of the grown NWs 
can be varied by changing the composition of the laser target (Schmidt et al. 2010; 
Schmidt et al. 2009). This method has been utilized for the deposition of films and 
nanoparticles, which involves laser ablation of a solid target, where the ablated material 
can be deposited on a substrate. Alternatively, the ablated material can be mixed with a 
reactive gas to make the appropriate material, and then carried by an inert gas through a 
nozzle into a vacuum chamber to produce a molecular beam, which is then deposited on 
a substrate with controlled temperature (Prasad 2004). 
  In this method, a laser source is focused to ablate onto the target which contains 
Si and a metal catalyst. This method is not common for the synthesis of NWs, with only 
a few research groups using it. The synthesized SiNWs exhibit different morphological 
characteristics, such curved, kinked, straight, and coiled shapes (Zhou et al. 1999). The 
use of various ambient gases, such as H2, He and N2, has a significant effect on the 
diameter of SiNW growth by laser ablation (Zhang 1999). 
 
2.7.4 Chemical Vapor Deposition (CVD)  
 The industrial exploitation of CVD can be traced back to a patent by de 
Lodyguine in 1893 who had deposited W onto carbon lamp ﬁlaments through the 
reduction of WCl6 by H2 (Choy 2003). In CVD, a volatile gaseous Si precursor, such as 
SiH4 or SiCl4, is used as the Si source. Originally, CVD was devised for the deposition 
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of high-purity films. Verisons of CVD methods exist, which can be classified by 
parameters, such as the base and operation pressure or the treatment of the precursor.  
Si oxidizes rapidly when exposed to oxygen at elevated temperatures; therefore, 
reducing the oxygen background pressure is critical to be able to epitaxially grow 
uniform SiNWs. In any case, it is useful to lower the base pressure of the CVD reactor 
down to high or even ultrahigh vacuum, which reduces unwanted contamination and 
enables growth at lowered temperatures. The pressure during growth depends mainly 
upon the gaseous Si precursor and its cracking probability at the catalyst surface.  
The morphology and other properties of the nanowires grown by CVD method 
can be modified. CVD offers the opportunity of a controlled doping by intentionally 
introducing doping precursors. Doping profiles in the axial direction can be created by 
switching the doping precursors. One of the major problems of SiNWs grown by CVD 
is that they exhibit a certain variation in the growth direction, especially for diameters 
smaller than 50nm (Schmidt et al. 2010; Schmidt et al. 2009). CVD involves a chemical 
reaction at the substrate surface to form the thin film. The distinctive advantages of 
CVD outweigh its limitations.  
In general, CVD is a versatile deposition technique, and has become one of the 
main processing methods for the deposition of amorphous, single-crystalline, 
polycrystalline thin ﬁlms, and coatings for a wide range of applications (Choy 2003). 
The deposition rate of a CVD process is controlled by the slowest step in this serial 
process and is mainly determined by the competition between the mass transportation 
and the surface reaction rate. Mass transportation is usually a function of gas flow and 
its partial pressure. Therefore, this process can be increased by increasing the supply of 
the reactant such as gas or liquid precursor, thereby increasing the deposition rate (Guo 
and Tan 2009).  
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CVD is a widely used method for growing SiNWs using various gaseous sources 
silicon, such as silane (SiH4) (Yu D.P et al. 1998), disilane (Si2H6) (Hannon 2006), and 
silicon  tetrachloride (SiCl4) (Usman 2013) . Moreover, using a mixture of high H2 and 
SiH4 partial pressures to epitaxial SiNWs by CVD method could led to show to be 
effective to reduce the NW nucleation and enabling growth of high aspect ratio (Ke 
2009).  
 
2.7.5 Plasma-Enhanced Chemical Vapor Deposition (PECVD) 
  In PECVD, as in the CVD processes, the reaction precursors are fed into the 
reactor in the form of gases. Plasma is produced in the reaction zone to activate the 
precursors. The substrate can be deposited either in or outside the plasma zone to 
enhance or avoid some plasma effects such as ion bombardment. PECVD can operate in 
a broad range of temperatures and pressure conditions, allowing for more freedom in 
preparation and proper control (Steiner 2004). By modifying the precursor prior to a 
reaction with the sample surface, the temperature of the substrate can be lowered. In 
cases where the thermal load is critical or where a high supersaturation of the droplet is 
necessary, NW growth can be enhanced using PECVD.  
 Moreover, in the PECVD process, the precursor gas is dissociated by the plasma 
into highly active radicals, which can be moderated for SiNW growth (Yu et al. 2008).  
In this method, DC or RF plasma is used in the CVD reactor. The plasma will help 
break down the precursors before they reach the substrate surface, significantly 
decreasing the surface temperature required for chemical reactions. However, high 
vacuum is required to ignite the plasma (Guo and Tan 2009). The properties of the thin 
films deposited by this technique depend on various parameters, such as electrode 
configuration, power, frequency, gas composition, pressure, flow rate, and substrate 
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temperature, and this technique is used to produce the amorphous and nanocrystalline Si 
thin films (Steiner 2004). 
 The RF plasma density is an important parameter that can affect the growth 
process and the surface morphology of the produced NWs. Thus, increasing RF power 
resulted in increased dissociation of SiH4 gas into reactive species, whereas higher RF 
power might deactivate the catalytic effect (Chong et al. 2011). 
 
2.8 Band Structure in Semiconductors  
  The bonding between atoms in semiconductors is usually covalent or ionic 
bonding. The energy band structures are formed when the atoms are periodically 
arranged in semiconductor crystals (Fukuda 1999). The valence and conduction 
electrons interact with the atoms in crystalline semiconductors, and this interaction 
slightly shifts the separate energy levels of the electrons to create different energies with 
different levels corresponding to the total atomic numbers in the crystal (Fukuda 1999). 
Figure 2.5 illustrates the band gap diagram in crystalline semiconductors.  
 
 
 
 
 
 
 
 
Figure 2.5: Valence band, conduction band and energy band gaps in the 
crystalline semiconductors (Fukuda 1999). 
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  Where EC and CE are the edge and mean values of the conduction band, and EV 
and VE  are the edge and mean values of the valence band, respectively. The energy 
band gap Eg is given by: 
VCg EEE                                                                                          (2.1) 
Semiconductors can be categorized into two types, namely, those with direct and 
indirect energy band gaps. In semiconductors with direct band gaps, the electron can 
transfer from the valence band to the conduction band when it absorbs energy equal to 
or exceeding Eg, whereas the valence electron in the indirect band gap cannot transfer to 
the conduction band without phonon assistance, as shown in Figure. 2.6  (Fukuda1999; 
Zhang 2009). 
 
 
 
 
 
 
    
    The valence and conduction bands contain energy levels that can be filled by 
electrons or holes. The number of these allowed states per unit of energy is referred to 
as the density of states (DOS), which is given (for the electron in the conduction band) 
by the free electron formula as: 
Figure 2.6: A schematic of the difference between a direct gap and an indirect gap                   
Semiconductor (Rockett 2008). 
 
.  
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DOS for the holes in EV is expressed by the formula: 
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where N(E) is the DOS at energy E; 
** , he mm  is electron effective mass, and h is Planck’s 
constant. The probability of electrons occupying a particular electronic state in the 
conduction band is given by the Fermi- dirac formula (Zhang 2009): 
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where EF is the Fermi energy, k is Boltzmann’s constant, T is the absolute temperature 
and f(E) represents the probability of finding the electron at energy E. The probability 
of holes occupying an electronic state in the valence band is given by: 
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                                                                     (2.5) 
Semiconductors have several optical absorption processes, such as fundamental 
absorption, free carrier absorption, and absorption by the energy levels in the band gap 
(Fukuda 1999). Fundamental absorption occurs when the semiconductor is illuminated 
by light with higher energy than the band gap, thereby exciting the electrons in the 
valence band into the conduction band, and holes are formed. Furthermore, other 
absorption types occur because of the presence of impurities inside the band gap. In the 
absorption process, the electrons transfer to another level of impurity, from a donor 
level to the conduction band, from the valence band to the acceptor level, and so on.  
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 The absorption coefficient (α) is given by the formula (Tarey and Raju 1985): 
    





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1
ln
1
  ,                                                                                   (2.6) 
where d is the sample thickness and T is the light transmission coefficient. The optical 
band gaps Eg of direct and indirect semiconductors can be estimated by using the 
following relationships: 
  2/1
gEhA                                                                                    (2.7) 
 2
phonong EEhB    ,                                                                (2.8) 
where A and B are constants, hν is the energy of the illuminating photon, and Ephonon is 
the phonon energy. For the direct band gap, Eg, which can be calculated from the linear 
portion of the curve, is extrapolated to (αhυ)2=0 when (αhυ)2 is plotted as a function of 
hυ. Figure 2.7 shows the absorption processes in direct and indirect semiconductors.  
 
 
 
 
 
 
 
 
(a) (b) 
Figure 2.7: (a) Absorption in direct band gap semiconductors, and (b) 
absorption in indirect band gap semiconductors (Fukuda 1999). 
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2.9 Optical Properties of Nanocrystalline Materials 
         Nanomaterials have very high surface-to-volume ratio, which increases the 
number of surface atoms because of the resulting large surface area. The surface atoms 
are chemically unsaturated, or are in a different bonding environment compared with 
atoms in the interior. Thus, the surface atoms have different energy levels from those in 
the interior (Zhang 2009). The surface atoms have electronic states, referred to as trap 
states, inside the band gap. In nanosized materials, energy levels and DOS are functions 
of particle size. The divergence of the energy level increases with decreasing particle 
size, which is known as the quantum confinement effect. The energy gap becomes a 
function of the particle dimensions, as described by the effective mass model or Burs 
model (Iiz-Marzan and Kamat 2003):  
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Where 
*
em and 
*
hm  are the electron and hole effective masses, respectively, ε is the bulk 
optical dielectric constant, and R is the particle radius (assuming that the particle shape 
is spherical). The second term in the equation is the kinetic energy of the electron and 
hole, and the third term is the Coulomb energy.  
The Burs model (Eq. 2.9) indicates that the optical band gap increases with 
decreasing particle size. The quantum confinement effect is significant when the 
particle size approaches the Bohr exciton radius. The effect of confinement on energy 
state in 0-D (quantum dot), 1-D (NW), and 2-D (nanosheet) nanostructures is given by 
the following equations, respectively (Ashby et al. 2009): 
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  (for 0-D nanostructure)                          (2.10A) 
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 where L is the particle width and nx, ny, and nz are the quantum numbers.  
 Thus, the DOS (=dN/dE) is highly dependent on the size and dimensions of the 
nanoparticles, as shown in Figure. 2.8. Figure 2.9 shows the energy diagram for atoms, 
bulk semiconductors, and quantum dot particles (Alferove 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8: DOS for charge carriers in a bulk, 2-D, 1-D, and 0-D nanostructures  
(Gusev and Rempel 2004). 
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2.10   Nanowires (NWs) 
A NW is a quasi one-dimensional nanostructure with a diameter of the order of a 
nanometre. Quantum wires can be defined as structures having a diameter equal or less 
than 10nm and an unconstrained length. Quantum mechanical effects are important at 
this scale. In comparison with other low dimensional systems, two confined quantum 
directions for NWs exist, whereas in the case of electrical conduction, one unconfined 
direction remains (Bhushan 2007).  
Small-diameter NWs have significantly different electrical, optical, and magnetic 
properties compared with their bulk (3D) crystalline counterparts. This is due to the 
unique electronic density  states of small-diameter NWs (Sattler 2011). The size and 
form of the NWs affect their overall properties causing variation from those of the 
corresponding bulk materials. NWs differ from their counterpart bulk materials because 
of various reasons, including increased surface area, diameter-dependent band gap, very 
high density of electronic states, enhanced exciton binding energy, and increased 
surface scattering of electrons and phonons (Grassian 2009).  
 
Figure 2.9: Energy level diagrams for atoms, bulk semiconductor and quantum dots 
particle (Alferove 2002). 
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In small-diameter NWs, some specialized properties can be nonlinear by 
exploiting the singular aspects of the 1D electronic density of states. In contrast to 
crystalline bulk materials, this review focuses on the properties of NWs, possible 
applications resulting from their unique properties, and future studies in this area 
(Ismail et al. 2013).  
 
2.10.1 SiNWs 
SiNWs have received much attention, as shown by the increased number of 
publications investigating SiNWs since 1993. Thus, various synthetic methods have 
been established for developing SiNWs after the initial discovery of high aspect ratio Si 
micro- and nanostructures in the 1964s by Wagner’s group. SiNWs with unique 
properties are significantly different from bulk Si, and these properties vary according 
to the NW morphology. The morphology of SiNWs depends on the deposition methods, 
growth conditions, and growth mechanisms, which affect the SiNWs properties and 
applications. 
 
2.10.2 Optical Properties of SiNWs 
SiNWs have unique properties because of variations in the morphology of the 
NW. These include the diameter, length, crystallinity, growth orientation, and the 
presence of features such as the tip of the catalyst, the number of kinks (growth defects) 
present in the NWs, and the density of the grown NW. These NW parameters can also 
affect other properties, such as the optical and electrical characteristics. SiNWs and 
other nanostructures tend to differ from bulk phase materials because of these 
properties. The broadband optical absorption properties of SiNW thin films have been 
investigated and were higher than those of solid thin films of Si of equivalent thickness.  
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The observed behavior is explained by light scattering and trapping, although the 
observed absorption is due to a high density of surface states in NW films. Moreover, 
the reflectance of the solid film shows typical behavior, whereas the reflectance of the 
NW film is less than 5% for the majority of the spectrum from the UV to the near IR, 
and begins to increase at ~700 nm to a value of ~41% at the Si band edge (1100 nm), 
similar to the solid film sample. NWs have a significant reduction of the reflectance 
compared with the corresponding solid film (Tsakalakos et al. 2007;  Hasan et al. 
2013). Since the band gap increases with the decrease of NW diameter, NWs can emit 
visible light with high efficiency (Jeon et al. 2009). The NW band gap is also affected 
by the surface chemistry because of the high surface-area-to-volume ratio.  
The band gap or energy gap is an important property of SiNWs, which is 
dependent on the NW diameter. The band gap increases with a decrease in diameter 
from 7 nm to 1.3 nm leading to an increase in the band gap of SiNWs from 1.1 eV to 
3.5 eV (Ma et al. 2003). The increase in band gap indicates the quantum confinement 
effect in the SiNWs at low diameters.  
 
2.11 Solar Cells 
Solar energy such as photovoltaic energy is the most available renewable energy 
source and can provide for energy needs on a global scale. A solar photovoltaic (PV) 
cell converts sunlight into electricity. The history of photovoltaic energy began in 1839 
when Alexandre–Edmond Becquerel discovered the photovoltaic effect. Nowadays, Si 
solar cells represent over 80% of the world’s solar cell production, and the yield 
efficiencies are higher than 15%. In solar technology, the main technological challenge 
is to improve solar cell efficiency. Several investigations are usually carried out to 
characterize solar cells. Information on several key is important for estimating the 
quality of the Si solar cells (Brendel 2003). 
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A conventional solar cells comprise of two layers of semiconductors, one positive 
(p-type) and the other negative (n-type), sandwiched together to form a p/n junction. 
When sunlight is absorbed by a solar cell, the photons generate electron-hole pairs that 
contribute to the electrical current if they are successfully collected by the electrodes.  
When a p/n junction diode is illuminated, photons having higher energy than the 
band gap of the semiconductor create electron hole pairs. Minority carriers, which are 
generated within the diffusion length, are swept by the electric field of the space charge 
region to their respective majority carrier junction sides.  
     Light-generated current in quasi-neutral regions is created by diffusion of 
minority carriers; and the current flows in the opposite direction compared with a 
current flowing in a forward biased p/n junction without illumination (Pagliaro et al. 
2008). The efficiency of a solar cell is measured by the ratio of the electrical output 
power and the incident optical power, and is usually expressed in terms of short circuit 
current, open circuit voltage, and fill factor (Fonash 2010). 
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where Jm is the maximum current density, Vm is the maximum voltage, and Pin is the 
power of the incident light. The Fill Factor FF is the ratio between the power of the  
maximum operation point and the product of the short circuit current and open circuit 
voltage (Fonash 2010). 
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The Fill Factor is reduced by series resistance, leakage current over the edges of 
the solar cell, or leakage current caused by recombination. The electrical parameters of 
the solar cell are depicted in a schematic current-voltage characteristic, as shown in 
Figure. 2.10. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In real cells, power is dissipated through the contact resistance and through 
leakage currents around the sides of the device. Electrically, these effects are equivalent 
to two parasitic resistances in series (Rs) and one in parallel (Rsh), as shown in Figure. 
2.11. Series and parallel resistances reduce the fill factor. Hence, for an efficient cell, a 
small Rs and a large Rsh are necessary. The series resistance arises from the cell material 
resistance to the current flow, particularly current flowing through the front surface to 
the contacts, which is a serious problem at high current densities under concentrated 
Figure 2.10: Current-voltage characteristic of the solar cell under dark and 
illumination conditions (Fonash 2010). 
current-voltage characteristic shown in 
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light. The parallel, or shunt, resistance is a problem of poorly rectifying devices and 
arises from leakage of current through the cell (Pagliaro et al. 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.11.1 Si Solar Cell 
Si is one of the most commonly occurring materials on earth, and is usually in the 
form of SiO2 in quartz and sand. Si is a Group IV element, many of which are 
semiconductors. The most common crystal structure of Si is the covalent-bonded 
diamond structure. Basic information on elemental Si is listed in Table 2.1 (Sze 2007a). 
Si source material is extracted from quartz, processed until very high purity is obtained, 
and subsequently melted. From the melted Si, a large single cylindrical crystal is drawn 
and sliced into wafers of typically 500 microns thickness.  
Figure 2.11: The effect of (a) series resistance and (b) parallel resistance on the 
        I-V characteristic curve of the solar cell (Pagliaro et al. 2008). 
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   This process is also known as the Czochralski (CZ) process, which remains a key 
technology in photovoltaics because of the higher energy conversion efficiency of 
single crystalline Si (sc-Si), and approximately 45% of Si is grown by this method 
(Nakajima 2009). 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.11.2 Crystalline Si Solar Cells  
Crystalline Si (c-Si) is the basis for most integrated circuits (ICs) as it is a readily 
available semiconductor. It is easily processed and doped to form semiconductor 
devices. It is used in many optical and electronic devices such as ICs, diodes, and solar 
cells. The earliest photovoltaic devices or solar cells were made from c-Si. It is still 
commonly used for these devices because it contributes to high efficiency of the 
devices, and crystalline Si solar cells are the main constituents of first generation 
photovoltaic devices (Solanki 2011).  
 
          Property         Value 
Atomic number 14 
Melting point 1410 
o
C 
Density at 293K 2.329 cm
-3 
Energy gap, Eg, at 300K 1.12 eV 
Color Dark gray with bluish tinge 
Crystal structure Cubic-diamond Fd-3m 
Lattice constant 0.54309 nm 
Table 2.1: Basic information on elemental Si 
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First-generation photovoltaic cells are currently the dominant technology in the 
commercial production of solar cells, accounting for more than 86% of the solar cell 
market. The major drawback is that crystalline Si is an indirect band gap material, and 
at least 30µm-thick devices are required to absorb 80% of the incident sunlight. The 
primary objective of the PV industry should be to reduce the cost. Even with greatly 
increased production volume and significant reduction of cost, crystalline Si solar cells 
may not be able to meet the long-term cost of utility-scale power generation. 
  Increasing efforts to reduce Si consumption can be observed globally, and the 
industry is exploring solar modules from thin films of c-Si (Brendel 2003). Another 
type of Si is polycrystalline Si, which comprises a series of small crystallites grown 
together with an extremely high crystallinity or a proportion of crystalline materials. 
Polycrystalline Si typically has a grain size (crystallite diameter) ranging from 10μm to 
30μm, and a crystalline fraction close to 100% (Ismail et al. 2013). The polycrystalline 
materials are synthesized by the CVD method (Cabarrocas 2004).  
     Microcrystalline Si (μc-Si) consists of crystalline and amorphous phases, and it has a 
grain size between 10nm and 200nm, and a crystalline fraction ranging from 10% to 
100%. The μc-Si is an attractive material for electronic device applications because of 
its higher carrier mobility than a-Si, and hence, high electrical conductivity. Usually, 
μc-Si thin films are prepared by PECVD and HWCVD (Carius et al. 2003). 
 
2.11.3 Amorphous Si Solar Cell 
In the early 1970s the semiconductor properties of a new form of Si, amorphous 
Si (a-Si), were discovered. This type of Si does not have long-range order, and it has a 
random orientation. The light absorption coefficient in a-Si is much higher than that of 
c-Si because it is a direct band gap material. The thin film devices fabricated from a-Si 
can absorb more of the light than the thicker c-Si slices.  
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      One of the main uses of a-Si is the fabrication of cheap thin film solar cells. a-Si is 
a randomly structured glass-like material. Amorphous solar cells made of a-Si fairly 
unique properties, regardless of their disadvantages, which include the presence of 
numerous dangling bonds in a-Si, caused by the lack of order, that trap the charge 
carriers and accordingly reduces the efficiency of the cell (Kitai 2011). a-Si is probably 
one of the most widely researched materials in thin film technology, and it offers a 
variety of advantages such as a band gap around 1.7eV, in which the maximum solar 
energy efficiencies are expected, and also a high absorption coefficient in this region of 
more than 10
5
cm
-1
.  
The a-Si solar cells can easily be fabricated at low deposition temperatures over 
large areas. The defect densities are usually very large in a-Si, which leads to several 
limitations. One of the main disadvantages of a-Si is that the performance of a-Si solar 
cells degrades from 10% to 30% with prolonged exposure to sunlight. This has led to 
efforts to combine a-Si with µc-Si in order to improve the quality of the solar cells.  
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CHAPTER 3 
METHODOLOGY AND CHARACTERIZATION TOOLS 
 
 
3.1 Introduction 
This chapter describes the pulse plasma enhanced chemical vapor deposition 
(PPECVD) technique used for the synthesis of silicon nanowires (SiNWs). In addition, 
this chapter discusses the theory of the major experimental measurement tools. The 
fabrication and characterization of SiNW PV devices are also described in this chapter. 
The methodology of device fabrication and characterization is shown in Figure 3.1. 
 
3.2 Substrate Preparation and Metal Catalyst Coating  
Indium tin oxide (ITO)-coated glass was used as a substrate to grow SiNWs. The 
substrate dimensions were 1.5cm wide and 5cm long. The substrates were cleaned in an 
ultrasonic bath using decon-90, ultra-pure water, and 2-propanol sequentially for 5min 
for each step. The substrates were then dried using high purity nitrogen flow before 
being held in the evaporating equipment. The substrates were fixed onto the holder of 
the thermal evaporation system (Bell Jar) to deposit the catalyst thin films. Gold (Au), 
tin (Sn), aluminum (Al) and zinc (Zn) were used as catalysts to grow the SiNWs. The 
metal was placed in either a tungsten boat or on a coiled tungsten filament attached to 
the two electrodes within the system. 
        The chamber of the system was evacuated to a pressure of 10
-5
 torr during the film 
deposition process. Varying thicknesses of metal thin films from 10nm to 100nm were 
synthesized. The thin film thickness was controlled by a quartz crystal microbalance 
(QCM) connected to the substrate holder. After the required thickness of metal was 
deposited, the shutter was closed and the system was turned off. To avoid the oxidation 
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of Al or Zn metals, the samples were kept  under vacuum over night and carried directly 
to the PPECVD system to prepare SiNWs. Figure 3.2 shows the Bell jar thermal 
evaporation equipment. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1: The methodology, device fabrication and characterization. 
Preparation of SiNWs using Sn, Al, Au and Zn 
catalysts with various thicknesses of (10-100nm) 
 
Investigating the physical properties 
Crystalline 
structure  
Surface 
morphology 
Optical   
properties 
Scanning Electron 
Microscopy 
Transmission 
electron microscopy 
 
 
X-ray diffraction 
 
Photoluminescence 
 
Raman 
Spectroscopy 
 
Fabrication of solar cell based SiNWs 
p-i-n Structure using Zn 
catalyst 
Homojunction structure 
using Zn and Au catalysts 
42 
 
3.3 Pulsed PECVD Deposition System 
  PPECVD is a technique widely used to produce SiNWs. The wires are synthesized 
in a plasma medium to promote the decomposition of precursor into reactive species. 
The deposition temperature can be lowered in order to reduce thermal damage to the 
device. The equipment used for PPECVD is shown in Figure 3.3. It consists of a 
stainless steel chamber 20.2cm in diameter and 20.5cm high.  
     The chamber is connected to rotary and diffusion pumps to evacuate the system 
until a pressure of 10
-6
 torr is obtained.  The silane rotary pumps are backfilled with 
argon to prevent oxidation of silane with the pump. There is a range of reactant gases 
that can be connected to the deposition system which includes silane, diborane, 
phosphine and argon. 
       The proportions and flow rates of the various gasses are controlled by the mass 
flow controllers (MFC) into the common manifold. Each MFC is colour coded to the 
appropriate gas line e.g. white for silane, yellow for phosphine and for each controller 
(1 to 5) there is a switch (valve control) which can be either closed, controlled flow rate 
or open. In addition, each of the gas lines and the manifold can be individually 
evacuated and purged using argon gas. 
     Before and after each deposition the chamber and gas lines should be flushed and 
purged to prevent contamination. Modifications have been made to extend the 
capabilities of the PECVD system to incorpate pulsed PECVD (PPECVD) and to 
include pulsed capabilities was fairly straightforward due to the use of a consumer CB 
radio. A pulse generator (SRS model DG535) was attached to the microphone input of 
the CB transceiver which is then switched to AM mode when PPECVD is used.  
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      A 13.56MHz signal is generated by a commercially CB radio transceivers which 
used to produce a plasma. The signal then passed through a RF wattmeter (Bird 43) to 
measure the signal power. Figure 3.4: shows a schematic diagram of the reactor 
chamber (Steiner 2004).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: Bell jar thermal evaporation equipment. 
Figure 3.3: The PPECVD equipment. 
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3.3.1 Synthesis of Silicon Nanowires via PPECVD  
Silicon nanowires were grown successfully using the deposition system at 
Murdoch University as show in Figure (3.3) that which allows producing of amorphous 
Si, microcrystalline and also nanostructure Si. Silicon nanowires were grown by the 
Pulsed PECVD method using varying thicknesses of metal catalyst thin films ranging 
from 10nm to 100nm deposited on indium tin oxide (ITO)/glass substrates. The 
catalyst-covered substrates were loaded into the PECVD chamber and heated in the 
presence of 3torr argon to approximately 350°C for 35min. Afterwards, silane (SiH4) 
gas was allowed to flow into the chamber as the Si source, and the temperature was 
increased to approximately 400°C. The growth process was conducted under pulsed 
plasma with a frequency of 13.56MHz supplied by a square wave pulse generator using 
a modulation frequency of 1,000Hz and approximately 30W of power for 45min. After 
the deposition process was completed, the system was purged with argon and cooled to 
near room temperature. Finally, the samples were removed and prepared for analysis. 
Figure 3.4: Schematic diagram of a PECVD. 
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3.4 Measurements Tools 
3.4.1 Scanning Electron Microscopy  
       The scanning electron microscope (SEM) is one of the most powerful tools used 
to investigate the surface morphology of materials. Since the appearance of the first 
commercial instrument in the 1960s, the design of the SEM has been constantly 
improved (Khursheed 2011).  Field emission scanning electron microscopy (FESEM) 
uses a field emission gun instead of typical electron gun sources used in an SEM 
system. The electron beam passes through electromagnetic lenses, focusing onto the 
sample, resulting in the reflection of different types of electrons.  
   The high-energy electrons (backscattered electrons) are caused by the elastic 
collisions deep inside the sample, whereas the secondary electrons are produced from 
the inelastic collision on the sample surface or close to the surface (Khursheed 2011). 
The secondary electrons are then collected by the detector to obtain an image of the 
sample surface. In addition, choosing a suitable accelerator voltage is important for 
generating a high-resolution image. Moreover, the interaction of the primary electrons 
with the sample generated photons with the X-ray wavelength range. With the detection 
of this radiation, the elemental ratio in the sample can be analyzed through energy 
dispersive spectroscopy (EDS). 
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3.4.1.1 Experimental Procedure 
The grown SiNWs were analysis and characterized using two scanning electron 
microscopes; most of prepared samples were examined using high resolution imaging   
(FEI Nova NanoSEM 450 FESEM) located in University Sains Malaysia as shown in 
Figure3.5. The second instrument was based a Philips XL 20 SEM at Murdoch 
university. 
     The SiNWs catalyzed by varying thickness of Au, Al, Sn and Zn metals were 
produced on ITO coated glass substrates. The samples were mounted directly to the 
FESEM system to take different magnifications of micrographs. Moreover, some 
samples are cut and fixed vertically on the stage of FESEM equivalent for cross 
sectional images. Cross section FESEM was measured for three thickness of each 
catalyst that was used to catalyze SiNWs, and the NWs length were measured.  
      The NWs diameter distribution as well as the density (number of NWs per square 
micrometer) of the samples was collected from FESEM images. The EDX measurement 
was operated during the FESEM observation and the EDX analysis carried out for one 
catalyst thickness was used to confirm the elemental ratio and type. An FESEM system 
(FEI Nova NanoSEM 450) was used to study the morphology of this research (Figure 
3.5).  
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3.4.2 Transmission Electron Microscopy  
 As a result of the experiment of Ruska and Knoll, the first transmission electron 
microscope was built in 1931 with a magnification of 16 times (Wang N et al. 2003). 
After that, extensive efforts were made to enhance the resolution of the transmission 
electron microscope (TEM). The principle behind the TEM is similar to that of the SEM 
except that in TEM, the electron beam passes (transmits) through the specimen, 
requiring the detector to be fixed behind the sample holder. The electron density 
distributed behind the sample is focused onto a fluorescent screen by lenses. Given the 
strong interaction between the electron beam and the atoms of the samples by elastic 
and inelastic scattering, the specimen should be very thin, with thickness ranging from 
5nm to 100nm for a TEM at 100 keV (Reimer L 2008). Thus, the TEM sample should 
be deposited onto a Cu grid and allowed to dry before measurement. 
Figure 3.5: FEI Nova NanoSEM 450 FESEM equipment. 
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3.4.2.1 Experimental Procedure 
        TEM images gives information about the morphology (e.g size, shape and 
crystallography).  Thus, TEM was carried out for several thicknesses of catalysts to 
confirm the wire diameter that calculated from FESEM images. The prepared SiNWs 
samples were tested using Philips CM 100 TEM equipment at Murdoch University 
(Figure: 3.6). The TEM sample were prepared by placing the SiNWs in a beaker 
containing ethanol and placing the beaker in an ultrasound bath for 2min to remove the 
wires from the substrate. Then the solution of nanowires was deposited on a Cu grid and 
allowed to dry before the measurement.   
3.4.3 X-ray Diffraction  
X-ray technology has been used for more than a century. Its discovery and 
development has revolutionized many areas of modern science and technology (He B.B 
2009). X-rays were discovered in 1895 by the German physicist Wilhelm Conrad 
Röntgen, who was honoured with the Nobel Prize for Physics in 1901. In 1912, 
Lawrence Bragg suggested a mathematical formula for the diffraction condition, known 
as Bragg’s Law,      
 sin2 hkldn   ,                                                                         (3.1) 
where n is an integer representing the order of reflection (its value is usually taken as 1), 
λ is the wavelength in angstroms, d is the inter-planar spacing in angstroms, hkl 
represents Miller indices, and θ is the diffraction angle in degrees. X-ray diffraction is 
based on the elastic scattering of X-ray from matter.  
    Given the wave nature of X-ray, the scattered X-rays from a sample can interfere 
with each other such that the intensity distribution is determined by the wavelength, the 
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incident angle of the X-ray, and the atomic arrangement of the sample structure, 
particularly the long-range order of crystalline structures. 
    The distribution of the scattered X-rays is referred to as an X-ray diffraction 
pattern. The atomic level structure of the material can then be determined by analysing 
this pattern. Figure 3.7 shows the diffraction of X-ray waves from two planes of a 
crystalline material. The lattice constant (a) of the crystalline material can be calculated 
using a formula that depends on the structure type. However, the simples crystalline 
structure are cubic and hexagonal. The lattice constant (a) of cubic structures is given 
by (Cullity B.D 1972):    
 
222 lkhda hkl                                                                          (3.2)                  
High-resolution X-ray diffraction equipment (PANalytical X’Pert PRO MRD 
PW3040) was used in this study (Figure 3.8). The X-rays were generated by a copper 
(Cu) target with CuKα wavelength of 1.5443 Å. The voltage and current used were 
40 kV and 35mA, respectively. 
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Figure 3.7: Geometrical illustration of Bragg’s Law (Recharsky and 
Zavalij 2003). 
 
Figure 3.6: Philips CM 100 TEM equipment. 
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3.4.5 Photoluminescence (PL) System 
When a semiconductor is exposed to electromagnetic radiation, a portion of this 
radiation will be absorbed leading to the excitation of an electron to a higher energy 
level. When the excited electron returns to a lower energy level it results in photon 
emission. Studying the PL spectrum of materials is important because of the potential 
information it provides about optical properties of materials.  
     Room temperature PL was measured using a Jobin Yvon HR 800 UV system 
which uses 325 nm 20 mW HeCd laser light for excitation. The PL and Raman system 
is shown in Figure 3.9.  
 
 
Figure 3.8: High resolution X-ray diffraction equipment. 
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3.4.6 Raman spectroscopy 
 The Raman effect, named after Chandrasekhara Venkat Raman (1888 - 1970), 
involves the change in the frequency of light when it is scattered by polyatomic 
molecules (Robert B 2009). Since the first observation of Raman scattering by Raman 
and Krishnan in 1928, Raman spectroscopy has been widely used in characterizing 
materials (Khan et al. 1963).  When the specimen is irradiated by laser light, the Raman 
effect occurs, resulting in inelastically scattered light with shifted frequency because of 
the interactions with the vibrational modes of the chemical specimen (Czichos et al. 
2006).  
     The effectiveness of the bond toward Raman scattering is directly dependent on 
the polarizability, which decreases as the electron density increases or the length of the 
bond decreases. As a result, symmetric vibrational bond stretches are typically Raman-
active (Khan et al. 1963). Raman spectroscopy is an effective tool to provide 
information on doping concentration, lattice defect identification, and crystal orientation 
of materials socially nanostructured via the effect of phonon confinement (Wu et al. 
1996; Mahdi et al. 2012). Raman measurements were carried out using an Ar ion laser 
(514.5nm and 20 mW light) for the excitation. 
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3.4.7 Current–voltage (I–V) characteristic  
Current-voltage (I-V) measurements refer to D.C. characterization of devices for 
the purposes of performance analysis and parameter extraction. The I-V characteristic 
of the prepared devises (solar cells) was investigated in dark and under illumination by 
white light supplied by a 120 V/300 W halogen lamp, which was calibrated using 
standard crystalline silicon solar cells. All the device parameters such as efficiency, fill 
factor, series resistance, shunt resistance, etc, and can be calculated from the I-V 
characteristic. The contact grid was deposited as a finger-finger type with area of 
0.5×0.5 cm
2
 using Al metal. Figure 3.10 shows the schematic diagram of the I-V 
characterization system that used in our work, the samples were placed in a box to 
ensure they were exposed to the lighting conditions. The I-V data of the solar cell was 
analyzed using Labview software. The solar cell parameters of the fabricated solar cell 
were calculated. 
Figure 3.9: Raman and PL spectroscopy system. 
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Figure 3.10: Schematic of the current-voltage characterisation system. 
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CHAPTER 4 
PREPARATION AND PROPERTIES OF Sn 
CATALYZED SiNWs 
 
 
 
 
4.1 Introduction 
     Varying thicknesses of Sn catalyst in the range of 10nm to 100nm were used to 
produce SiNWs. The Pulsed PECVD method was used to synthesize high density NWs 
on ITO substrates at 400
o
C. This Chapter describes how to control the diameter of the 
SiNWs by controlling the thickness of the Sn catalyst and how it can affect the 
morphology, structure and optical properties of the grown NWs. An investigation of the 
morphology of the prepared SiNWs with Field Emission Scanning Electron Microscopy 
(FESEM) and Transmission Electron Microscopy (TEM) are presented. In addition, the 
crystalline structure of SiNWs is explored via X-ray diffraction (XRD). The optical 
properties which include the photoluminescence (PL) and Raman spectra are also 
reported.  
 
4. 2 Synthesis of SiNWs catalyzed with Sn 
4.2.1 Surface morphology  
 
     Figure 4.1 shows the FE-SEM images of the SiNWs grown on ITO-coated glass 
substrates with Sn thin film catalysts having different thicknesses. The SEM images 
show that the SiNWs are tapered when thinnest catalyst used.  For the SiNWs grown 
using the 10nm thin film Sn catalyst, the SiNWs appear to be inhomogeneous in 
diameter and the wires are tapered at the end (Figure 4.1A). Using a Sn catalyst thin 
film with 20nm thickness, resulted in the prepared SiNWs having a more homogenous 
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diameter. The tapered end occurred in some wires (Figure 4.1 B) and completely 
disappeared when a film thickness of 40nm was used (Figure 4.1C).  
 
 
 
 
 
       
       
 
 
 
 
 
 
 
 
 
 
 
         
Figure 4.1: FE-SEM images for SiNWs prepared using Sn catalyst thickness of (A) 
10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 100nm. 
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        The droplet sizes with 10 and 20nm catalyst thin films are relatively small 
compared with the other thicknesses used, thus the small droplets apparently didn’t 
control the growth of the wires, due to the loss of Sn into the SiNWs. The SiNWs 
grown using 60, 80 and 100nm film thicknesses, showed significant improvements in 
the morphology of the wires, especially in terms of the diameter homogeneity (Figures 
4. 1D- F). To identify the optimal Sn thin film thickness for growing SiNWs, the 
diameter distribution was calculated using image analyzer software. About 100-120 
wires on average were selected randomly to determine the diameter distribution of the 
grown SiNWs with an error ratio of about ±5%. Figure 4.2 shows the wire diameter 
increased with the increase in the thickness of the catalyst thin films (Figure 4. 2). The 
diameters of the SiNWs ranged from 60 - 110nm with a catalyst thickness of 10nm and 
increased to a range of 80 - 130nm with use of 20nm Sn thin film catalysts. 
Furthermore, the range of diameters of the SiNWs for the samples prepared using a Sn 
thin film thickness of 100nm were 160 to 220nm. From the FESEM images, the density 
(number of nanowires per µm
2
) of SiNWs grown using the Sn catalyst was measured 
and found to decrease from 15NW/µm
2
 to 6NW/µm
2
 when the Sn catalyst thickness 
increased from 10nm to 100nm, respectively as shown in Figure 4.3. Also the model 
wire diameter increased from 75nm to 195nm when the catalyst thickness increased 
from 10 to 100nm. 
        Moreover, the mode of the average diameters was found to increase linearly as the 
Sn catalyst film thickness increased. In addition, it was observed that an increase in the 
thickness of the Sn thin films led to an increase in droplet diameter as presented in 
Figure 4.1, which in turn led to the increase in the diameter of the grown SiNWs. This 
allows the average diameter of the nanowires to be selected by using the appropriate 
catalyst layer thickness.  
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Figure 4.2: Diameter distribution of the grown SiNWs. 
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The cross sectional FESEM images of SiNWs prepared using 20, 60 and 100nm 
Sn thin film thicknesses are shown in Figure 4.4. The average lengths of SiNWs 
catalyzed by 20 and 100nm Sn thin films were 4.1 and 3.7µm, respectively.  
 
 
 
 
 
  
   
 
 
 
 
 
 
      Figure 4.5 shows the TEM images of SiNWs prepared using Sn catalyst thin film 
thicknesses of 20, 60, 80 and 100nm, respectively.  The TEM images confirm that the 
grown wire diameters increase as the catalyst film thickness increases. As shown in 
Figure 4.5, the diameters of SiNWs prepared using 20 and 60nm Sn thin film 
thicknesses ranged from 95 to 105nm while it ranged from 170 to 195nm for the SiNWs 
catalysed by 100nm Sn thickness. The Sn droplets didn’t show up clearly on the wire tip 
except for one wire in the 20nm Sn catalyst sample, showing that the growth 
mechanism producing SiNWs was the VLS mechanism. 
Figure 4.3: The catalyst thin film thickness vs. wire diameter and density. 
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    The metal Sn has a different coefficient of the thermal expansion than to Si that 
could led to the separation the Sn droplets from SiNWs during the cooling process of 
the samples. The surface tension value of Sn liquid is 0.6 J m
-2
 (Schmidt 2009), which 
is lower than the required value (0.85 J m
-2
) to make the droplets sit on the wire end 
(Schmidt 2009) thus, the Sn droplets mostly fell off when the TEM samples were 
prepared using ultrasonic treatment.  
The Sn-Si phase diagram (Figure 4.6) (Bhushan  2007) shows that the Sn melting 
point is about 232
o
C. During the growth process, at a temperature of 400
o
C, and before 
the SiH4 gas is introduced into the PECVD chamber, the Sn particles melted and 
aggregated to form large droplets due to surface tension. Furthermore, when the Sn 
droplets were exposed to SiH4 gas, the gas molecules disintegrate at the surface of the 
Sn droplets and the Si dissolves in the Sn and forms the Sn-Si liquid phase.  
        The eutectic point of Sn-Si is very low at about 232
o
C with a silicon ratio less 
than 1% compared with other catalyst metals such as Au ( 363
o
C, Si of 19%) and Al 
(577
o
C, Si of 12%) (Schemidt et al 2009). Thus, the Sn-Si liquid phase formed at very 
low Si concentration, and thus a low pressure of Si atoms was required when using Sn 
to grow SiNWs which is potentially very cost effective. Furthermore, during the growth 
processes the length of the wires increases and when two wires or more meet they can 
make a shape like loop or a kink. 
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      Figure 4.4: Cross-sectional FE-SEM images for SiNWs synthesized using Sn    
catalyst thicknesses of (A) 20nm, (B) 60nm and (C) 100nm. 
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Figure 4.5: TEM images of SiNWs prepared by Sn catalyst thin film thicknesses of 
(A) 20nm, (B) 60nm, (C) 80nm and (D) 100nm. 
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         A few preliminary studies have been reported for Sn-catalyzed SiNWs. Yu et al. 
(2009a) used hydrogen radical-assisted deposition method to synthesize SiNWs for the 
studies of the effects of metal catalyst thickness. They studied the effect of the Sn thin 
films thickness on the morphology of the grown SiNWs and found that the nanowire 
diameter is determined by the size of the catalyst droplet which nucleates the nanowire. 
The findings show that SiNWs produced using a relatively thin layer (30nm thick) of Sn 
catalyst are better arranged and controlled than those produced on relatively thick Sn-
coated catalysts (100nm thick). However, we found that increasing the Sn catalyst 
thickness to 60, 80 and 100nm led to the growth of more homogenous SiNWs. 
      Jeon and Kamisako (2009) used a 7nm thick Sn catalyst at 400°C to grow SiNWs 
by VLS and also obtained a homogenous diameter. Other types and thickness of catalyst 
have also been used to grow SiNWs. Cui et al. (2001) found that the diameter of the 
catalyst droplet determines the size of the nanowire, because the diameter of SiNWs 
increases with the thickness of Au nanoclusters. They also found that the Au-Si alloy 
droplet diameter is consistently smaller than the diameter of the nanowire during the 
formation. Wacaser et al. (2009) also show the effect of varying the thickness of the Al 
layer. They also showed that the average diameter of the nanowire increases with the 
thickness of the Al layer.  
     The Energy Dispersive X-ray (EDX) spectrum recorded for the SiNWs catalyzed 
with a 40nm thick Sn catalyst is shown in Figure 4.7. The compositions details of the 
as-grown SiNWs present in the nanoparticles comprises of Si and Sn with atomic ratios 
of 66.5 % and 2.95 % respectively. The Sn nanoparticles are located on the top of the 
as-grown NWs which indicates that the Sn catalyst is essentially involved in the 
mechanism of growth of the SiNWs. In addition, the EDX spectra in Fig. 4.7 show 
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peaks corresponding to oxide and the element indium coming from the SiO2 layer and 
ITO substrates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7: EDX spectrum of SiNWs catalyzed using a 40nm thick Sn film. 
Figure 4.6: The Sn- Si alloy binary phase diagram (Schmidt et al. 2010).  
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In most cases of catalyzed growth of NWs, prepared by the VLS mechanism, the 
diameter of the catalyst droplet (Dc) exceeds the diameter of the nanowire (Dw). The 
relationship between the radius of the catalyst droplet (R) and the wire radius (r) 
depends on two parameters, the surface tension of the liquid catalyst (σL) and the 
tension of the liquid/solid interface (σLS) as shown in the equation below (Schmidt et al. 
2009): 
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where R= Dc/2 and r = Dw/2.  
Eq. (4.1) can be rewritten as: 
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    From Eq.4.2, the wire radius approaches the value of the catalyst radius when the 
σL value is much larger than σLS. The radius of the Sn catalyst droplets used to produce 
the silicon nanowires in this work are calculated from SEM images and listed in Table 
4.1. The σL value of Sn is 0.6 (Schmidt et al. 2009), which is more than the σL values of 
Bi, Sb and Pb, but less than those of Ag, Au, and Al (Schmidt et al. 2009 ; Goloechen 
1992). The liquid/solid interface tension of the grown SiNWs is calculated from Eq. 4.2. 
The SiNWs prepared with a 10nm catalyst thin film thickness have the biggest σ LS of 
0.37 while the wires  grown using a 60nm thickness had the lowest σ LS value of 0.11 
because the radii of the wires and catalyst are very close (Table 4.1). The contact angle 
ß is expressed by the following equation (Schmidt et al. 2009): 
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LSL  )cos(                                                                                                         (4.3)                                               
Comparing Eq. (4.3) and (4.2), the contact angle between the catalyst metal and the 
wire surface can be calculated using Eq. 4.4: 
)(cos1)]cos([1)( 222  
R
r
                       (4.4) 
          The minimum   value was 101o for SiNWs catalysed by 60nm thick Sn thin 
films and the maximum value was 129
o
 for the wires prepared with 10nm thin film 
thickness. Figure 4.8 shows the surface tension of the liquid catalyst and the direction of 
the surface tension at the liquid/solid interface, in addition to the contact angle. At a 
high substrate temperature, the molten droplets increase in diameter, which leads to the 
readjustment of the chemical composition of the droplets so that they can cope with the 
material change at the liquid-solid interface. This process leads to the surface curving 
out and taking a spherical shape. 
 The droplets take an ellipsoidal shape, with a radius that is larger than that of the 
wire, depending on the degree of its stability and surface energy (Mohammad 2009). 
Moreover, there is some change in the contact angle due to the difference in shape 
between the droplets on the substrate surface and those on the top of the Si wire. Thus, 
this transition in droplet shape during the growth process will lead to some expansion of 
the wire base.  However, there is no observed change in the prepared SiNW’s diameter 
along the wire length, which could mean no effective change in droplet shape during the 
growth process. The average wire density per unit area was calculated from SEM 
images and found to decrease from 17 to 8 NW/(µm)
2
 as the thickness of the catalyst 
thin films increased from 10 to 100nm ( see Table 4.1).   
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4.2.2 Crystalline Structure 
       Figure 4.9 shows the XRD patterns of SiNWs prepared using different Sn catalyst 
thin film thicknesses. All of the XRD patterns show a diffraction peak at an angle of 
30.66
o
 corresponding to the ITO-coated glass substrate (Figure 4.9B). The absence of Si 
diffraction peaks indicated that the samples did not have a crystalline structure. 
Parlevliet and Jennings (2011) have shown previously that SiNWs synthesized by 
PPECVD with a Sn catalyst are entirely amorphous. Moreover, SiNWs grown by 
PECVD using Al as a catalyst on Si at 600
o
C were also amorphous in structure (Iacopi 
et al. 2007). However, the crystal size of the grown SiNWs could be very small and that 
makes it difficult to identify them by the XRD method.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Schematic of the surface tension and contact angle of the liquid/wire interface. 
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Figure 4.9: XRD patterns of (A) SiNWs prepared using Sn catalyst thin films with 
thicknesses of 10-100nm, (B) ITO-coated glass substrate. 
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Table 4.1: The crystal size, diameter, contact angle, surface tension and the density of 
the grown SiNWs by Sn catalyst. 
  
4.2.3 Optical Properties 
4.2.3.1 Photoluminescence Spectra (PL) 
          PL spectroscopy is a useful optical technique for studying the band gap and it 
reflects the electronic transition from the excited state to the valence band. PL is a 
sensitive probe which is used to analyze the structure quality, impurities and defects in 
nanostructure materials. PL spectra at room temperature of the SiNWs grown using 
different Sn catalyst thicknesses in the range of 10nm to 100nm are displayed in Figure 
4.10. The prepared SiNWs produce red emission bands in the PL spectra. The PL 
spectra of the SiNWs catalyzed with 10nm Sn thickness produce a broad emission band 
that peaks at 744nm, while 20nm thick Sn produced two emission bands centered at 
747nm and 903nm respectively. In addition, a broad emission band at 742nm was 
observed in the PL spectra for the NWs catalyzed with 40nm thick Sn. The SiNWs 
grown using 60nm thick catalyst emitted a band at 608nm that could arise from the 
 
Sn film 
thickness 
(nm) 
 
Average 
catalyst 
diameter Dc 
(nm) 
 
SiNWs 
diameter 
Dw (nm) 
            
 
(Dc/Dw) 
 
Metal/Wir
e contact 
angle (ß
o
) 
 
Surface 
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σLS (J/m 
2
) 
 
SiNWs  
density 
wire/(µm)
2
 
10 96 75 1.28 129 0.37 17 
20 105 95 1.1 115 0.25 15 
40 120 105 1.14 119 0.29 13 
60 138 135 1.02 101 0.11 11 
80 201 185 1.09 113 0.23 8 
100 211 195 1.08 112 0.22 8 
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oxide related defects in the surface and oxygen deficiency. Table 4.2 lists the PL 
emission bands for SiNWs catalyzed by 60, 80 and 100nm thick Sn. The red band was 
emitted from recombination at the interface between the amorphous sheath layer and the 
crystalline core (Shi et al. 2009). These results agree with other studies that found red 
PL emission peaks for SiNWs synthesized using Au as a catalyst (Colli et al. 2006; 
Pham et al. 2011). Furthermore, specific red PL bands at 744, 747, and 742nm were 
observed for the SiNWs grown using 10, 20, and 40nm thicknesses of Sn catalyst. 
These PL bands may originate from the Si–O–Si bridge bonds along the crystalline 
direction (111) based on the theoretical calculation. This red peak is not observed from 
other structures such as (110) or (112) SiNWs, implying its dependence on the 
crystalline configurations (Kang et al. 2011). So far, it is not clear whether the 
nanostructures at the rough SiNW sidewalls are due to the localized nanocrystal-like 
features surrounded by oxide shells or because of the semilocalized Si structures, which 
are still connected to the SiNW core by crystalline Si material. The as-grown SiNWs 
had diameters of 75nm which are relatively large compared with the Bohr radius of the 
bulk Si. Thus the PL emission cannot be caused by the quantum confinement effect, 
according to the theoretical prediction of Sanders and Chang (1992). However, the 
grown SiNWs almost is not single crystal specially when the temperature of preparation 
is low, thus every wire is contains a small Si crystals. In this case, the explanation of 
band-gap widening due to quantum confinement is not straight forward. A confined 
electron-hole pair could easily diffuse into the bulk of the SiNW, thereby losing its 
confinement-related surplus energy. One would therefore expect PL at the band edge of 
c-Si to dominate in this case. Band-gap widening is only explainable, here, if one of the 
charge carriers, e.g., the hole, is trapped at the SiNW surface. Consequently, the other 
carrier would experience confinement. Confinement surplus energy in this case has to 
exceed the trapping energy of the hole (50 meV necessary at RT) and the exciton 
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binding energy (19 meV for c-Si) (Sivakov et al. 2010).  The PL spectra of the SiNWs 
grown using 60nm thickness of Sn show an emission band centered at 608nm. The PL 
emission in the visible region could be attributed to the oxide related defects in the 
surface and oxygen deficiency while the second emission is attributed to the quantum 
confinement effect (Chong et al. 2013). Moreover, the quantum confined elemental Si 
structures of the order of nm and are capped by SiO2 and emit broad photoluminescence 
bands from 330 to 470nm for SiNWs fabricated via thermal evaporation of Si monoxide 
with diameter 20-30nm (Zhao et al. 2013).   Nevertheless, trapping of holes at the 
Si/SiOx interface is known to occur and the variety of available crystallographic planes 
at the rough SiNW surfaces make the trapping of holes at the Si/SiOx interface for 
SiNWs even more likely than for wafers with low index plane surfaces (Sivakov et al. 
2010). 
 
 
 
 
 
 
 
 
 
 
Figure 4.10: Room temperature PL spectra of the SiNWs grown using Sn catalyst layers with 
thicknesses of (A) 10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 100nm. 
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4.2.3.2 Raman spectra 
Raman spectroscopy provides much useful information about the material 
properties. That makes it a standard spectroscopic tool in many scientific areas and 
specifically to study and characterize semiconductor nanostructures. Raman 
spectroscopy is a powerful tool for investigating the doping concentration, lattice defect 
identiﬁcation, and crystal orientation of materials (Mahdi et al. 2012). Raman spectra 
for SiNWs synthesized using varying thicknesses of Sn catalyst are presented in Figure 
4.11. The SiNWs grown using 20nm and 80nm films of Sn exhibit sharp Raman peaks 
located at 506 and 513cm
-1 
respectively. Comparing with the first order transverse 
optical mode (1TO) of crystalline Si which appears at 520cm
-1
 (Li et al. 2005; Niu et al. 
2004), the Raman band of the SiNWs catalyzed with 20nm and 80nm Sn films has 
downshifted by about 14 and 7cm
-1
, respectively.  
In addition, 10, 40 and 60nm thicknesses of Sn catalyst show Raman peaks at 497, 
494 and 491cm
-1
, respectively. Whereas, the Raman spectra for 100nm films of Sn have 
the peak location at 488cm
1
.  Moreover,  all the prepared SiNWs show broad Raman 
peaks at 290 and 920cm
-1
 which are related to the second order transverse acoustic 
phonon mode (2TA) and the second order optical phonon mode (2TO), respectively. 
      The crystallinity, oxidation layer, size uniformity as well as the variation of 
crystal constants affect the location and curve shape of Raman bands (Niu et al. 2004). 
The red shift of the 1TO Raman peak indicates a decrease in the particle size or 
reduction in the crystallinity of the sample.  Thus, a sharp Raman peak at 519cm
-1
 is 
related to crystalline Si while the peak at 480cm
-1
 indicates the existence of amorphous 
Si (Ge et al. 2003).  
 Poinern (2010) used a Sn catalyst with droplets sizes ranging from 85 to 140nm to 
catalyze SiNWs with estimated diameters of 76 and 86nm via PECVD method. The 
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Raman spectra of the synthesized SiNWs show a peak at 490cm
-1
. Meshram et al. 
(2013) show that the Raman spectrum of the SiNWs grown by the hot wire CVD 
(HWCVD) method using a 300nm thick Sn catalyst present a mixture of amorphous and 
crystalline phases of Si. Two peaks appear at 480cm
-1
 and 515cm
-1
 which correspond to 
amorphous and crystalline Si. Moreover, (Pan et al. 2005) found a Raman peak at 
512cm
-1
 and the spectra tail extended to low frequency due to the defects in the 
structure of SiNWs grown via the thermal evaporation method (Pan et al. 2005). The 
crystallite size Dr, can be estimated, depending on the value of the shift in TO phonon 
mode (Yu et al. 2009): 




B
Dr 2
 ,                                                                              (4.5) 
where B is 2.24cm
-1
 nm
2
 for Si and Δω is the shift of the  TO peak from the c-Si peak. 
The crystal size was calculated using Eq.4.5 and listed in Table 4.2. The SiNWs which 
catalyzed by 20 and 80nm thickness of Sn had large crystal sizes of 2.5 and 3.55nm, 
respectively, compared with the other prepared samples which used 10, 40, 60 and 
100nm thickness of Sn catalyst. 
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[[Table 4.2: Peak locations of the Raman and PL bands for SiNWs grown using different 
thicknesses of Sn catalyst. 
Sn catalyst 
thickness 
(nm) 
Raman band location  
(cm
-1
) 
PL bands location  
(nm) 
Crystal size 
Dr  (nm) 
10 
20 
40 
60 
80 
100 
497 
506 
494 
491 
513 
488 
744 
747, 903 
742 
608 
857 
868 
1.95 
2.50 
1.85 
1.75 
3.55 
1.60 
  
Figure 4.11: Raman spectra of SiNWs prepared using a Sn catalyst with 
thicknesses in the range of 10nm to100nm. 
 
 
(cm
-1
) 
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4.3 Conclusions 
SiNWs were successfully synthesized on ITO/glass substrates using the PPECVD 
method with Sn droplets as catalysts. The SEM images showed that an increase in the 
thickness of the Sn catalyst thin films resulted in an increased diameter of the SiNWs.  
 The catalyst film thickness provided good control over the wire diameter, except 
for a thickness of 10nm. The catalyst thin film thickness of 60nm yielded a close match 
of the catalyst droplet size to the wire diameter with a value of 1.02. Other parameters, 
such as metal/wire contact angle and tension of the liquid/solid interface, had lower 
values when the catalyst thin film thickness of 60nm was used. Thus, the thin film Sn 
catalyst thickness of 60nm was judged to be optimal for controlling the growth of the 
wire diameter. Furthermore, the density of the SiNWs decreased from 18 to 
8wires/(µm)
2
 as the Sn catalyst thin film thickness increased from 10 to 100nm.  XRD 
spectra of the prepared SiNWs showed the absence of diffraction peaks indicating the 
low crystallinity or very small particle size of the grown wires. All the prepared SiNWs 
produce red emission bands in the PL spectra.  The PL spectra of the SiNWs catalyzed 
with 10nm Sn thickness produce a broad emission band that peaks at 744nm, while 
20nm thick Sn produced two emission bands centered at 747nm and 903nm 
respectively. In addition, a broad emission band at 742nm was observed in the PL 
spectra for the NWs catalyzed with 40nm thick Sn. Due to the quantum size effect, the 
Raman spectroscopy for the grown SiNWs using 20 and 80nm thick Sn films show 
sharp peaks with downshifts of about 14 and 7cm
-1
, respectively compared with the 
1TO band of crystal Si. The crystal size that calculated depending Raman spectra 
showed that the SiNWs catalyzed by 80nm thickness of Sn metal, had the largest 
particle size  of 3.55 nm, while the use of 100 nm thickness of Sn catalyst produced 
SiNWs with a smaller particle size of 1.6nm. 
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CHAPTER 5 
PREPARATION AND PROPERTIES OF Al-
CATALYZED SiNWs 
 
 
5.1 Introduction 
 Thin films of the Al catalyst with thicknesses ranging from 10nm to 100nm were 
deposited on the ITO substrate by thermal evaporation. Then, SiNWs were synthesized 
via a pulsed plasma-enhanced chemical vapor deposition PPECVD method. This 
Chapter presents a study of the effect of using of a variety of thicknesses of the Al 
catalyst in SiNWs growth and explores the effect on the properties of the prepared 
SiNWs. The surface morphology and structure properties are reported. The 
photoluminescence (PL) and Raman spectra are also discussed. The surface 
morphology of the products was studied by FESEM and TEM images. The crystalline 
structure of the prepared SiNWs was investigated through x-ray diffraction (XRD) and 
the optical properties were measured at room temperature. 
 
5. 2 Synthesis of SiNWs catalyzed by Al 
5.2.1 Surface morphology  
      The surface morphology of the SiNWs, prepared using the Al catalyst, with 
different thin-film thicknesses of 10nm to 100nm, was analyzed through FESEM 
images (Figure 5.1). The SiNWs were significantly affected by the varying thicknesses 
of the thin-film catalyst. The SiNWs prepared using Al with thicknesses of 10 and 
20nm were characterized by a high wire density, as shown in Figures 5.1A and 5.1B.  
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Figure 5.1: FESEM images for SiNWs prepared using Al catalyst thicknesses of (A) 10nm, 
(B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 100nm. 
 
 
A B 
C D 
E F 
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The nanowires became shorter in length and tended to aggregate when the Al 
thickness increased to 40 and 60nm (Figures 5. 1C and 5.1D). Moreover, an 80nm Al 
catalyst thickness resulted in the growth of short, aligned wires, as shown in the FESEM 
image in Figure 5.1E. Small, circular types of particles were observed with a catalyst 
thickness of 100nm, as shown in Figure 5.1F. Figure 5.2 shows the analysis of the 
diameter distributions of the SiNWs grown using different Al thin-film thicknesses. The 
modal wire diameter significantly increased when the Al thin-film thickness was 
increased. About 100-120 wires on average were selected randomly to determine the 
diameter distribution of the grown SiNWs with an error ratio about ±5%.The wire 
diameters of the SiNWs prepared using 10 and 20nm thick Al thin films ranged from 
100nm to 160nm and from 110nm to 170nm, respectively (Figures 5.2A and 5.2B). The 
modal diameters of the SiNWs catalyzed by layer thicknesses of 10 and 20nm of Al 
were about 115 and 125nm, respectively. 
 As shown in the FESEM images, the grown wires became shorter with increased 
diameter as the catalyst film thickness increased. Thus, the SiNWs catalyzed by 40 and 
60nm thick Al films, showed diameters ranging from 150nm to 210nm and 180nm to 
240nm, respectively (Figures 5.2C and 5.2D). Using an 80nm Al catalyst thickness led 
to the formation of SiNWs with diameters reaching 270nm (Figure 5.2E). Furthermore, 
short wires with diameters ranging from 60nm to 100nm were also noticed in the 
sample which was prepared using the 80nm thick Al catalyst. The reason for the 
appearance of these wires with such a small diameter is unknown. The maximum 
diameter of the grown SiNWs increased to about 300nm as the Al catalyst thickness 
reached 100nm (Figure 5. 2F).  
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Figure 5.2: Diameter distribution of the SiNWs grown using an Al catalyst 
with various thin film thicknesses from 10-100nm. 
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From the FESEM images, the density (number of nanowires per µm
2
) of SiNWs 
grown using the Al catalyst was measured and found to decrease from 20NW/µm
2
 to 
10NW/µm
2
 when the Al catalyst thickness increased from 10nm to 100nm, respectively 
as shown in Figure 5.3. Figure 5.4 shows the cross-sectional FESEM of SiNWs 
synthesized using 20, 60 and 100nm Al catalyst thickness. The average length of the 
SiNWs catalyzed by a 20nm layer of Al ranged from 2 to 2.5µm and decreased when 
the thickness of the Al catalyst thin films increased.  Moreover, short aligned wires are 
observed for SiNWs grown with an 80nm thick layer of Al catalyst. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3: The catalyst thin film thickness vs. wire diameter and 
density. 
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The liquid/solid interfacial tensions (σLS) of Al/Si for the SiNW catalyst with 
various Al thicknesses are calculated via Eq (4.2) and listed in Table 5.1. Where the 
liquid surface tension (σL) value of Al is 0.8 (Nebol’sin and Shchetinin 2003). Also, the 
Al catalyst diameter (Dc) that were used to synthesize the SiNWs are measured from 
Figure 5.4: Cross-sectional images for SiNWs synthesized using Al catalyst thickness 
of (A) 20nm, (B) 60nm, (C) 80nm and (D) 100nm. 
Al-20 nm Al-60 nm 
Al-80 nm Al-100 nm 
1µm 1µm 
1µm 1µm 
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FESEM images. The SiNWs grown with 10nm Al thick have the biggest σLS value 
about 0.46, while the  σLS value for SiNWs catalyzed using 80 and 100nm Al thick was 
zero. The contact angle    was also calculated from Eq. 4.4 (see Table 5.1), the NWs 
catalyzed with 10nm Al thick have the maximum  value of 125.5O while the NWs 
catalyzed using    60nm Al thick show the minimum  value of 78.2 O.    
 
Table 5.1: The diameter, contact angle and surface tension of the grown SiNWs 
by Al catalyst. 
Al catalyst 
thickness 
(nm) 
Al catalyst 
average 
diameter 
Dc (nm) 
Diameter 
of SiNWs 
Dw (nm) 
 
Dc/Dw 
Metal/Wire 
contact 
angle ß
 O
 
 
Surface tension 
σLS (J/m
2
) 
10 99 115 0.86 125.5 0.46 
20 136 125 1.08 66.8 0.31 
40 166 165 ~1.0 84 0.083 
60 199 195 1.02 78.2 0.16 
80 235 235 1.0 90 0 
100 265 265 1.0 90 0 
 
TEM images of the samples prepared using Al films of 20, 60, 80 and 100nm 
thickness are shown in Figure 5. 5.  These show that the aspect ratio of the grown 
SiNWs decreased as the catalyst thickness increased. Moreover, the grown SiNWs were 
relatively short when the 80nm Al catalyst was used, compared with the wires grown 
using thinner Al films. In addition, the TEM image shows that the SiNWs, prepared 
using an Al film of 100nm thickness, consist of small circular particles which supports 
the observations of the FESEM image (see Figure 5.1F).  
Al-100 nm 
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.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The eutectic point of the Al-Si system at 577°C was at a low Si concentration of 
12.6% (Schmidt et al. 2009; Massalski et al. 1998), as shown in the Al-Si phase 
diagram in Figure 5. 6. Two solid phases can be noted as the α and β regions in the Al-
Si phase diagram. Thus, depending on the growth temperature, two different growth 
A B 
Figure 5.5: TEM images of SiNWs prepared by Al catalyst thin films with 
thicknesses of (A) 20nm, (B) 60nm, (C) 80nm and (D) 100nm. 
 
1 µm 500 nm 
200 nm 200 nm 
D 
A  
C 
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mechanisms are possible when using Al metal to catalyze SiNWs, namely, VLS and 
VSS. In the VLS mechanism, the growth temperature should be higher than the eutectic 
point. Thus the growth temperature has to be higher than the eutectic temperature of 
577
o
C so that the Al–Si catalyst particle is a liquid (Wang et a.l 2006; Iacopi et al. 
2007).  
 
 
 
 
 
 
 
 
 
 
    The growth temperature of SiNWs was 400°C
 
and less than the eutectic point of 
Al-Si, which means that the growth mechanism was VSS. The SiNWs grown via the 
VSS mechanism bring two benefits: reducing the growth temperature and reducing the 
solubility of Si in the catalyst to about one order of magnitude. Wang et al. (2006) also 
synthesized SiNWs by the CVD method using Al as a catalyst at temperatures between 
430°C
 
and 490°C
 
(below the Al-Si eutectic point), indicating that their SiNWs were 
grown via the VSS mechanism.  
Figure 5.6: The Al- Si alloy binary phase diagram (Schmidt et al. 2009) 
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However, SiNWs were also grown via the VLS mechanism by Schmidt et al. 
(2009) using an Al catalyst at temperatures between 580°C and 700°C. The VSS growth 
mechanism has been reported for the growth of SiNWs using other catalysts such as Ti 
(Kamis et al. 2000).  
      Our results are in accordance with those presented by Wacaser et al. (2009), who 
showed that varying Al layer thicknesses have an influence on the average SiNW 
diameter. The average diameters of the SiNWs grown by the low pressure chemical 
vapor deposition ( LPCVD) method using Al thicknesses of 3, 5 and 7nm increased to 
58, 78 and 83nm, respectively. Moreover, the diameter of SiNWs, prepared with 6nm 
thick Al, ranged between 20nm and 100nm, and increased to about 100 - 120nm with a 
10nm thick Al thin film (ChoiI et al. 2011).  
Other studies also found that an increase in the catalyst thickness led to an 
increase in the diameters of the SiNWs (Cui et al. 2001; Fukata et al. 2005). Figure 5.7 
shows the EDX spectra of a SiNW sample that was catalyzed by using a 40nm Al thin 
film thickness. The atomic ratio of Al metal in the sample was 2.81% while it was of 
12.3% in the tip of a single SiNW. Moreover, the atomic ratio of Si in the tip was 
72.7%. The EDX results confirmed that the SiNWs were catalyzed by Al metal.     
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Figure 5.7: EDX spectra of SiNWs catalyzed using 40 nm Al 
measured at (A) wide area of the sample and (B) on the 
tip of the NW. 
(keV) 
(keV) 
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5.2.2 Crystalline Structure 
      The XRD patterns of SiNWs synthesized using various Al thin film thicknesses 
are shown in Figure 5.8. The diffraction peak at 30.4°
 
is
 
related to the (200) plane of the 
ITO coated glass substrate and it appeared conspicuously in the samples prepared using 
Al thin film thicknesses of 10, 20, 40 and 60nm. The ITO peak became weaker in the 
SiNWs grown using 80 and 100nm thick Al films. This could be because of the increase 
in the wire diameters of these samples and the greater Al thickness that covered the 
substrates as shown in cross sectional FESEM images in Figure 5.4. The Al diffraction 
peak was located at ~35° corresponding to the (110) plane of Al. This appeared clearly 
in the XRD patterns of the SiNWs prepared with 80 and 100nm thick Al films. This 
peak was weaker in the other samples catalyzed by 10, 20 and 40nm thick Al films. The 
strong peak at 24
o
, for the 100nm thick Al film, may be due to SiO2. Moreover, other 
diffraction peaks related to the (111), (200), and (222) planes of Al metal at 38.5
o
, 44.8° 
and 65°, respectively, were observed in some of the XRD patterns. 
The diffraction peaks corresponding to the crystalline Si phase which should 
occur around 28.5
o
, were absent, indicating that the prepared SiNWs had low 
crystallinity or amorphous structure. Iacopi et al. (2007)  used 10 nm Al particles, 
prepared via a PVD method, to grow SiNWs by PECVD. They found that the Si layer 
that covered the catalyst is amorphous. Moreover, the SiNWs synthesized by pulsed 
PECVD with a Sn catalyst were entirely amorphous (Parlevliet and Jennings 2011).  
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Figure 5.8: XRD patterns of the SiNWs grown using an Al catalyst 
with various thin film thicknesses from 10-100nm. 
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5.2.3 Optical Properties 
5.2.3.1 Photoluminescence spectra (PL) 
 The room temperature photoluminescence (PL) spectra of the grown SiNWs 
catalyzed by various Al thin-film thicknesses of between 10nm to 100nm are shown in 
Figure 5.9. These SiNWs showed three types of emissions: green, blue, and red bands. 
The SiNWs prepared using a 10nm thick Al catalyst film showed a broad red peak at 
about 770nm. Two broad emission bands, located at 751 and 900nm, were observed in 
the PL spectrum of the SiNWs catalyzed with 20nm thick Al. The PL emission from the 
SiNWs catalyzed by a 40nm thick Al film also contained two broad peaks at 782 and 
900nm as well as a weak blue emission at around 500nm. The PL emission bands for 
the other samples prepared using Al catalysts with thicknesses of 60, 80 and 100 nm are 
shown in Figure 5.9 and listed in Table 5.2.  
          The Bohr radius of the free exciton of the bulk silicon was around 5nm (Megouda 
2009), and all prepared SiNWs had a diameters of more than 100nm. Thus, the 
observed PL emission cannot be ascribed to the quantum confinement effect in the 
nanowires. The SiNWs grown using 60, 80, and 100nm thickness of Al catalyst emitted  
green bands at 540nm which could have come from the recombination of free electrons 
with the oxygen defect in the silicon oxide layer which coated the SiNWs. All prepared 
samples showed red PL band ranging from 700nm to 782nm emitted from 
recombination at the interface between the amorphous sheath layer and the crystalline 
core (Qi 2003; Shi 2009). However, the absence of XRD peaks does not mean that the 
SiNWs had completely amorphous structure. They could have had a very low degree of 
crystallinity. Bhattacharya et al. (2004) prepared SiNWs by pulsed laser vaporization of 
silicon using Au as a catalyst and found that red PL emissions peaked at 1.5eV (826nm) 
and 1.4eV (886nm) for different diameter distributions.  
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    De Boer et al. (2010) noticed an increase in PL intensity for Si nanocrystals and 
shifts to longer wavelengths for small-sized nanocrystals. Our results are in agreement 
with other studies that synthesized SiNWs using Au as a catalyst and obtained red 
emission peaks (Colli et al. 2006; Wu et al. 1996). Moreover, the blue PL could have 
come from the Si-rich oxides including very small molecular-like Si clusters in the 
silicon oxides shells which supports the hypothesis that violet/blue PL originates from 
the SiOx amorphous matrix covering the c-SiNW core (Zhao et al 2013). On the other 
hand, the shape and intensity of the PL spectra confirm that the emission bands cannot 
correspond to the SiNWs core where the intensity of the c-Si should be high (Ma et al. 
2008). 
 
 
 
 
 
 
 
 
 
 
 Figure 5.9: Room temperature PL spectra of the SiNWs grown using an Al catalyst 
with various thin film thicknesses from 10-100nm. 
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5.2.3.2 Raman spectra 
Micro-Raman spectroscopy is an analytical tool that provides information about 
doping concentration, lattice defect identiﬁcation, and crystal orientation of 
nanostructured materials via the effect of phonon confinement (Mahdi et al. 2012; Wu 
et al. 1996).  
      The micro-Raman spectra of SiNWs synthesized using an Al catalyst are shown in 
Figure 5.10. The SiNWs catalyzed by Al thin films with thicknesses of 10, 20, 40 and 
60nm showed Raman peaks located at 500, 498, 495 and 493cm
-1
, respectively, 
corresponding to the first order transverse optical mode (1TO) of c-Si. Compared with 
the 1TO peak for c-Si, which is located at 520cm
-1
 (Liu et al. 2001), all the prepared 
SiNWs 1TO peaks were shifted toward lower frequencies.  
A broad Raman peak was observed at 484cm
-1
 for the SiNWs prepared using 
100nm thick Al catalyst. The peak location and shape indicate that the wires were 
amorphous (Gajovic et al. 2008) and the broadening of this peak is indicative of 
oxidation. The SiNWs prepared using an 80nm thick Al catalyst show a 1TO Raman 
band centered at 511cm
-1
, shifted from the c-Si band by about 11cm
-1
. The located 1TO 
band nearest to the c-Si band could be due to the wires which had a small diameter 
which appeared in this sample as shown in the FESEM image in Figure 5.1E. The broad 
peaks at 290 and 920cm
-1
 were related to the second order transverse acoustic phonon 
mode (2TA) and to the second order transverse optical phonon mode (2TO), 
respectively (Li et al. 1999). 
      Campbell and Fauchet (1984) proposed a model of phonon confinement to 
estimate the relationship between the Raman shift and the nanoparticle size. The 
decreases in the diameter of the Si nanospheres led to the shift in the 1TO peak toward 
the lower wave number.  
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 Qin et al. (2011) noted that an a-Si layer covered the c-Si core of the SiNWs 
prepared by inductively coupled PCVD using Au as a catalyst and concluded that the 
broad Raman peak at 480cm
-1
 corresponded to this amorphous Si layer. Moreover, they 
found that the amorphous layer thickness increased as the SiNW diameter increased due 
to using a thicker catalyst. The crystal size was calculated from Eq. 4.5 and listed in 
Table 5.2.  
It shows that the wires catalysed with 80nm thickness of Al metal had a larger 
crystal size of about 3.13nm compared with the other samples which were prepared 
using various thickness of Al catalyst. Individual SiNWs grown by CVD using 10nm 
thick Al catalysts had diameters ranging from 50nm to 500nm. The micro-Raman 
spectra were taken at the nanowire tip and at the nanowire base, which both showed a 
sharp peak at 518cm
-1
, while the spectra near the base showed another broad peak at 
around 475cm
-1
 (Kohen et al. 2012).   
The Raman band location and curve shape depended on the crystallinity, 
oxidation layer, size uniformity, and on the variation of crystal constants (Niu et al. 
2006). The shift in the 1TO peak towards lower frequencies could be caused by the 
decrease in the crystallinity of SiNWs when the wire diameter increased, except for the 
sample prepared by 80nm thick Al. From the FESEM image, the SiNWs prepared by 
the 80nm thick Al were vertically aligned, which could be the reason the 1TO peak 
appeared nearest to the c-Si location. The enhancement of the crystallinity of SiNWs 
required a high preparation temperature. 
Ho et al. (2012) grew SiNWs by the CVD method at 850°C using Au as a catalyst 
and obtained a single crystal structure with vertical alignment. The 1TO Raman peak 
was strong and centered at 520cm
-1
. The SiNWs prepared at lower temperatures 
resulted in structures with lower crystallinity.  
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Catalyst 
thickness 
(nm) 
Raman band 
cm
-1 
 
 
 
PL bands (nm)  
     Crystal size 
        Dr (nm) 
      Blue      Green      Red     
10 
20 
40 
60 
80 
100 
500 
495 
      493 
      490 
      511 
     484 
 
 
 
 
 
 
- 
- 
- 
- 
- 
- 
 
- 
500 (weak) 
        540 
540 
       540 
770 
751,900 
782,900 
700 
770 
700 (weak) 
2.10 
1.87 
1.8 
1.71 
3.13 
1.56 
 
 
Table 5.2: Peak locations of Raman and PL bands for SiNWs grown with Al thin film   
catalysts of different thicknesses. 
 
Figure 5.10: Raman spectra of SiNWs prepared using an Al catalyst with 
thickness of (A) 10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm 
and (F) 100nm. 
 
 
 
(cm
-1
) 
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5.3 Conclusions  
          SiNWs were grown via the pulsed PECVD method using varying thicknesses of 
the Al catalyst ranging from 10nm to 100nm. Increasing the Al thin-film thickness has a 
strong effect on the morphology and dimensions of the grown wires. The wire diameter 
increased from 115nm to 265nm as the catalyst thin film thickness increased from 10nm 
to 100 nm, resulting in the reduction of the density of the SiNWs from 20µm
2
 to 10µm
2
. 
No diffraction peaks related to Si structure were observed in the XRD patterns, 
indicating the low crystallinity of the prepared wires. The PL spectra of the SiNWs 
prepared with various Al thicknesses showed emission bands in the green, blue and red 
regions corresponding to recombination from the oxygen defect in the coated silicon 
oxide layer and from the interface between the amorphous layer and the crystalline core. 
        Raman spectra confirmed that the crystallinity of SiNWs decreased as the catalyst 
thickness increased because the first order transverse band moved further away from the 
c-Si band location. The SiNWs catalyzed using 80nm thick Al produced a 1TO Raman 
band nearest to c-Si because the wires were vertically aligned. However, for SiNWs 
catalyzed by 100nm thick Al, the 1TO Raman peak was found near the a-Si location. 
The crystal size that were calculated from the Raman spectra showed that the SiNWs 
catalyzed by 80nm thickness of Al metal had the greatest particle size  of 3.13 nm while 
using 100 nm thickness of Al catalyst produced SiNWs with a lesser particle size of 
1.56nm. 
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CHAPTER 6 
PREPARATION AND PROPERTIES OF Au-
CATALYZED SiNWs 
 
 
6.1 Introduction  
 This Chapter describes how silicon nanowires (SiNWs) were grown on indium tin 
oxide-coated glass substrates using a PPECVD method with gold (Au) as a catalyst. 
Various thicknesses of Au thin films ranging from 10nm to 100nm were deposited on 
the substrates by thermal evaporation. The crystalline structure, surface morphology, 
and the optical properties of the synthesized SiNWs were investigated. The effect of the 
catalyst thickness on the NWs growth and properties are described in this Chapter. The 
surface morphology of the grown SiNWs was investigated by FESEM and TEM. The 
crystalline structure of the prepared SiNWs was investigated through (XRD) and the 
photoluminescence (PL) and Raman spectra were recorded. 
 
6.2 Synthesis of SiNWs Catalyzed by Au Metal 
6.2.1 Surface Morphology  
Figure 6.1 illustrates the FESEM images of SiNWs prepared using various 
thicknesses of Au thin films ranging from 10nm to 100nm. Homogeneous and long 
SiNWs were formed when 10 and 20nm thick Au films were used (Figures 6. 1A and 
6.1B), similar to the SiNWs grown using 40 and 60nm thick Au with increasing wire 
diameter (Figures 6.1C and 6.1D). By contrast, SiNWs catalyzed with 80 and 100nm 
thick Au films demonstrated some kinking or worm-like structures, especially those 
with 100nm thickness (Figures 6. 1E and 6.1F).  
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Figure 6.2 shows the diameter distribution of the synthesized SiNWs with an 
estimated error ratio of about ±5%. The diameters of the SiNWs catalyzed using 10 and 
20nm thick Au ranged from 40nm to 100nm and 80nm to 140nm, respectively (Figures 
6.2A and 6.2B). The increase in catalyst film thickness clearly led to an increase in the 
diameter of the SiNWs. The SiNWs catalyzed using 100nm thick Au exhibited 
diameters ranging from 160nm to 220nm (Figure 6.2F).  Cui et al. (2003) synthesized 
SiNWs via CVD at approximately 440°C using different Au thicknesses. They observed 
that an increase in the catalyst thickness from 5nm to 30nm resulted in an increase in 
the modal SiNW diameter from 6nm to 31nm. Moreover, Hofmann et al. (2003) used 
PECVD to grow SiNWs on Si wafers at 400°C using different thicknesses of Au. They 
found that the modal wire diameter increased from 29nm to 300nm when the Au 
thickness was increased from 0.5nm to 5nm.  
       Furthermore, Qin et al. (2011) demonstrated that the diameter of SiNWs prepared 
via inductively coupled PCVD on Si wafers at 380°C using 16nm thick Au ranged from 
90nm to 130nm and increased to 130nm to 175nm with a 40nm thick Au catalyst, in 
agreement with our results. Al-Taay et al. (2013a) (as Chapter 4) found that the 
diameter of SiNWs grown by PPECVD using a Sn catalyst also increased as the catalyst 
thin film thickness increased. 
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A 
C 
B 
D 
F E 
Figure 6.1: FESEM images of SiNWs grown using Au catalyst layer thicknesses of 
(A) 10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 100nm. 
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Figure 6.2: Diameter distribution of SiNWs grown using Au catalyst layer thicknesses 
of (A) 10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 100nm. 
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    Figure 6.3 shows the relationship between the Au film thickness and the modal 
diameter of the SiNWs. The wire diameter clearly increased when the thickness of the 
catalyst thin film increased. Moreover, the density of the SiNWs decreased as the Au 
thin film thickness increased. Thus, the wire density of SiNWs decreased from 
18NW/µm
2
 to approximately 6NW/µm
2
 as the Au film thicknesses increased from 10 to 
100nm (Figure 6.3).  
         From FESEM images, the Au catalyst diameters that were used to grown SiNWs 
are calculated and listed in Table 6.1. The liquid/solid interface tension (σLS) for the 
Au/Si of the prepared SiNWs was calculated from the Eq. 4.2. The SiNWs prepared 
using 10nm thick Au films have the largest σLS of 0.69 while 100nm Au thickness 
produces wires with the lowest σLS value of 0.097. In addition, the contact angle 
 between the Au catalyst and the NW surface was calculated from Eq. 4.4 and listed 
in Table 6.1. 
The SiNWs catalyzed by a 10nm Au film thickness have a minimum  value of 
39.2° and the NWs prepared with 100nm Au thick show the maximum value was 84°. 
Cross-sectional FESEM images of SiNWs synthesized using 20, 60 and 100nm thick 
Au catalysts are shown in Figure 6.4. The SiNWs were randomly oriented relative to the 
substrate, and the mean wire length decreased from 12µm to approximately 10µm as the 
thickness of the catalyst film increased from 20nm to 100nm. In addition, the images 
demonstrated that the grown SiNWs were tapered, and Au nanoparticles remained at the 
tip of the wires, indicating that the SiNWs were grown by the VLS mechanism.  
       Figure 6.5 presents the TEM images of SiNWs synthesized using 20, 60, 80 and 
100nm thick Au catalysts. The TEM images confirmed the increase in wire diameter 
with an increase in the thickness of the catalyst thin film. Moreover, a tapered SiNW 
with a Au catalyst particle at the tip of the wire is shown.  
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          From the images a core-shell structure was clearly indentified and this confirms 
the PL spectra results when Sn, Al and Au catalysts were used to grow SiNWs.   A 
worm-like structure was also observed in SiNWs catalyzed by 80nm and 100nm thick 
Au films, which confirm the FESEM image (Figure 6.1E and 6.1F).  The eutectic 
temperature of the catalyst-Si system can determine the required temperature to 
synthesize a SiNW via the VLS mechanism. 
Most metal catalysts exhibit high eutectic temperatures with Si, whereas the Au-
Si system has a relatively low eutectic point of approximately 363°C at 19% Si 
concentration. Figure 6.6 shows the phase diagram for Au-Si. The Si atoms from SiH4 
species are absorbed by the Au droplet and form an alloy Au/Si at a temperature higher 
than the eutectic point which led to a reduction in the melting temperature compared 
with the melting point of Au at 1064.5°C (Schmidt et al. 2009). 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: The Au catalyst thin film thickness vs. wire diameter and density.  
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A 
B 
C 
10 µm 
2 µm 
Figure 6.4: Cross-sectional images for SiNWs synthesized using Au catalyst layer thicknesses 
of (A) 20nm, (B) 60nm and (C) 100nm. 
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Figure 6.5: TEM images of SiNWs prepared by Au catalyst layer thicknesses of 
              (A)20nm, (B) 60nm, (C) 80nm and (D) 100nm. 
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Table 6.1: The crystal size, diameter, contact angle and surface tension of the 
SiNWs grown by Au catalyst. 
Au catalyst 
thickness 
(nm) 
Au catalyst 
average 
diameter Dc 
(nm) 
 
SiNWs 
diameter Dw 
(nm) 
              
Dc/Dw 
 
Metal/Wire 
contact 
angle ß
O
 
 
Surface 
tension σLS 
(J/m
2
) 
10 87 55 1.58 39.2 0.69 
20 125 95 1.31 49.5 0.58 
40 152 135 1.12 63.0 0.42 
60 177 165 1.07 68.7 0.32 
80 187 185 1.01 81.5 0.13 
100 196 195 ~ 1.0 84.0 0.09 
 
Figure 6.6: The Au- Si alloy binary phase diagram (Schmidt et al. 2009). 
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   Figure 6.7 presents the Energy Dispersive X-ray (EDX) analysis carried out on the 
stem of the SiNWs catalyzed by a 40nm thick Au film. The NWs consist of Si and Au 
with an atomic ratio 82.31% and 2.26 % respectively. In addition, the Au nanoparticles 
are located on the top of the grown SiNWs which confirms the TEM images and 
indicate that the Au catalyst helps in the synthesis of SiNWs via the VLS mechanism. 
 
 
 
 
 
 
 
 
 
 
6.2.2 Crystalline Structure  
The XRD patterns of the SiNWs grown using various thicknesses of Au catalysts 
are shown in Figure 6.8. The diffraction peaks of the prepared SiNWs correspond to the 
(111), (220) and (311) lattice planes of the cubic phase of Si.  
 
 
Figure 6.7: EDX spectra of SiNWs catalyzed using 40nm film of Au measured 
over a wide area of the sample. 
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     The diffraction peaks became sharper as the wire diameter increased because of 
the increasing catalyst thickness, indicating that the crystallinity of the grown SiNWs 
was enhanced or the particles size was increased. The increase in the XRD peak 
intensities could be due to the increase in the particle size according to the Scherrer 
formula (Cullity B.D 1972). The lattice constant (a) of the cubic structure is given by 
the relationship (Cullity B.D 1972): 
    2
222
2
1
a
lkh
dhkl

 ,                                                               (6.1) 
Where dhkl is the interplanar spacing of the atomic planes, and h, k and l are the 
Miller indices. The lattice constant values are listed in Table 6.1.  Moreover, the 
diffraction peaks of Au related to the (111) and (200) lattice planes were also detected 
as shown in Figure 6.8, confirming the deposition of Au particles on the top of the 
SiNWs. Hamidinezhad et al. (2011) and Pham et al. (2011) obtained crystalline SiNWs 
using Au as the catalyst and synthesized by PECVD and thermal evaporation methods, 
respectively. The diffraction peaks of the Au catalysts appeared in the XRD patterns 
because the metal particles were located on top of the SiNWs.  
     Comparing with the SiNWs prepared using Sn and Al catalysts with the same 
deposition conditions (Al-Taay et al. 2013a; Al-Taay et al. 2013b) (as Chapters 4 and 
5), the Au catalyst produced the highest crystallinity SiNWs and that makes it the most 
suitable for solar cell applications.   
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Figure 6.8: XRD patterns of SiNWs prepared using Au catalyst layers with thicknesses 
10-100nm. 
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6.2.3 Optical Properties 
6.2.3.1 Photoluminescence Spectra (PL) 
       The photoluminescence (PL) spectra of nanocrystalline materials is one of the 
most effective tools for diagnosing the structure quality, surface states, and impurity 
levels inside the optical band gap (Mahdi et al. 2012). Figure 6.9 shows the PL spectra 
of the SiNWs catalyzed using various Au thicknesses. A red emission band can be 
observed in the PL spectra for all the grown SiNWs. The SiNWs catalyzed by 10nm 
thick Au exhibited a broad emission band that peaked at 720nm. The PL spectrum of 
the SiNWs prepared using 20nm Au catalyst showed two emission bands centered at 
788 and 909nm, whereas the grown wires using 40nm thick Au produced bands at 752 
and 890nm. The emission bands for SiNWs catalyzed by Au layers are listed in Table 
6.2.  
According to the theoretical prediction of Sanders and Chang (1992), quantum 
confinement can be expected for nanostructure dimensions less than the free excitonic 
Bohr radius (5nm) of c-Si. The diameter of the grown SiNWs is relatively larger than 
the Bohr radius. Thus, the quantum confinement effect is not evident. The red band was 
emitted because of the interface between the amorphous sheath layer and the crystalline 
core of the wire (Shi et al. 2009). In the PL spectrum measured at room temperature for 
SiNWs synthesized by the oxide-assisted method, a main green emission band at 
2.05eV (604nm) and a smaller red emission band at 1.7eV (729nm) were observed 
(Colli et al. 2006). 
Bhattacharya et al. (2004) obtained red PL emissions centered at 826 and 886nm 
for different SiNW diameters, synthesized by pulsed laser vaporization using Au as 
catalyst.  In addition, Pham et al. (2011) recorded PL spectra at room temperature for 
SiNWs prepared by thermal evaporation using Au as the catalyst.  
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They obtained a broad emission band at 650nm, and two other bands that peaked 
at 455 and 510nm were observed when measured at low temperatures.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.9: Room temperature PL spectra of the SiNWs grown using Au catalyst layer    
thicknesses of (A) 10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 
100nm. 
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6.2.3.2 Raman spectra 
  Raman spectra of SiNWs grown using various thicknesses of Au catalyst are 
presented in Figure 6.10. The SiNWs grown using 10, 20, 40, 60 and 80nm layers of Au 
produced Raman peaks located at 497, 503, 503, 505 and 507cm
-1
, respectively. The 
Raman peak was identified as the first order transverse optical phonon mode (1TO).  
The 1TO peak location depends on the degree of crystallinity of the Si. For c-Si the 
1TO peak appears at 520cm
-1
 and for a-Si at 480cm
-1
 (Liu et al. 2001; Li et al. 2013). 
The Raman peak of the SiNWs catalyzed by 100nm thick Au appeared at 513.5cm
-1
 
which is shifted by approximately 6.5cm
-1 
compared with the c-Si 1TO peak location.  
The wire diameter increased because of the increase in catalyst thickness, which 
led to an increase in the crystallinity of SiNWs that could have caused the shifting of the 
1TO peak toward higher frequencies.  The two broadening bands that peaked at 290 and 
920cm
-1
 are ascribed to the second order transverse acoustic phonon mode (2TA) and 
the second order optical phonon mode (2TO), respectively, and were observed for all 
prepared SiNWs (Li et al. 1999).Wang et al. (2000) found that the Raman peak location 
is dependent on the diameter of the wires synthesized by laser ablation, and the Raman 
peak appeared at 509.8cm
-1
 for 10nm diameter NW and shifted to 517.7cm
-1
 when the 
diameter of the wires increased to 21nm. 
 Meshram et al. (2011) obtained a Raman peak at 515cm
-1
 for NWs with 
diameters ranging from 50nm to 300nm for  SiNWs grown at 400°C by hot wire CVD. 
Moreover, a sharp Raman peak at 500cm
-1
 for SiNWs synthesized by PECVD at 400°C 
with diameters ranging from 40nm to 400nm was also observed (Chong et al. 2011).  
The crystallite size Dr values of SiNWs catalyzed with various Au thickness are 
calculated from Eq. 4.5. The crystallite size increased from 1.9nm for the wires grown 
using a 10nm thickness of Au catalyst to 3.22nm for the wires catalyzed by a 100nm 
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thick Au catalyst (Table 6.2). The increased crystallite size when the Au catalyst 
thickness increased implies enhanced crystallinity of the SiNWs grown with an 
increased catalyst thickness, as illustrated also in XRD patterns. Ma et al. (2008) studied 
the annealing effect on the Raman peak location and the shape of the nc-Si and nc-
Si/SiOx core/shells. They found that annealing samples led to a shift in the 1TO Raman 
peak from 495 cm
-1
 to  517 cm
-1
 and the peak became narrower in width due to the  
increase in the particles size.   
Chong et al. (2012) prepared SiNWs using 50nm to 250nm In droplet size with a 
home-built hot-wire-assisted PEVCD system. They concluded that the SiNWs grown 
using 40W rf  power had high crystallinity with a crystallite size of 4.2nm compared 
with those prepared using 80W rf power with crystallite size of 2.9nm. Moreover, they 
noted that the TO band of the SiNWs grown using low rf power was located at 517cm
-1
, 
whereas the band peaked at 512cm
-1
 for the wires synthesized using high rf power. 
 
 
 
 
 
 
 
 
Figure 6.10: Raman spectra of SiNWs prepared using an Au catalyst layers with 
thicknesses of 10nm, 20nm, 40nm, 60nm, 80nm and 100nm. 
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6.3 Conclusions  
       Varying thicknesses of the Au catalyst ranging from 10nm to 100nm have been 
used to synthesize SiNWs via the PPECVD method at 400°C. FESEM and TEM images 
confirmed that the wire diameter increased as the thickness of the catalyst film 
increased, and the wire length decreased from 12µm to approximately 10µm. The 
presence of Au nanoparticles at the tips of the wires indicates that the SiNWs were 
grown via the VLS mechanism. Moreover, the diameter of the grown SiNWs increased 
from 55nm to 195nm when the Au catalyst thickness increased from 10nm to 100nm, 
respectively.  XRD patterns showed that the synthesized SiNWs consisted primarily of 
crystalline Si with (111), (220) and (311) growth planes.  The SiNWs grown by Au 
catalyst had high crystallinity which makes them suitable for fabricating a solar cell. 
The PL spectra of the SiNWs prepared with various Au thicknesses showed red 
emission bands. Raman spectroscopy confirmed the increase in crystallinity of the 
Catalyst 
thickness 
(nm) 
Lattice 
constant 
(Ȧ) 
FWHM of 
(111) XRD 
peak(degree) 
 
PL bands 
(nm) 
Raman 
band     
(cm
-1
) 
 
Dr  (nm) 
10 
20 
40 
60 
80 
100 
5.430 
3.438 
5.435 
5.438 
5.445 
5.438 
0.221 
0.210 
0.198 
0.197 
0.190 
0.182 
720 
788, 909 
752, 890 
761, 881 
762 
750 
496.5 
503 
503 
505 
507 
513.5 
1.90  
2.21 
2.21   
2.35 
2.51 
3.22 
 
Table 6.2: Peak locations of the Raman and PL bands for SiNWs grown with an Au 
thin film catalyst of different thicknesses. 
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SiNWs as the Raman peaks shifted from 497cm
-1
 to 513.5cm
-1
 as the catalyst thickness 
increased. The crystal sizes that were calculated from the Raman spectra showed that 
the SiNWs catalyzed by 100nm thickness of Au metal had the largest particle size of 
3.22nm while using 10nm thickness of Au catalyst produced SiNWs with a smaller 
particle size of 1.9nm. 
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CHAPTER 7 
PREPARATION AND PROPERTIES OF Zn-
CATALYZED SiNWs 
 
 
 
7.1 Introduction 
      In this work, Zn metal was used for the first time to catalyze SiNWs via PPECVD. 
The thin films of Zn catalyst with controlled the thicknesses in the range of 10-100nm 
were deposited successfully on the ITO coated glass substrate by the thermal 
evaporation method. This Chapter examines the effect of the thickness of the thin film 
catalyst on the morphology, structure and optical properties of the grown SiNWs. 
FESEM and TEM were used to describe the morphology of prepared SiNWs. Through 
X-ray diffraction, the structures of the prepared SiNWs were determined while the 
optical properties were studied through the photoluminescence (PL) and Raman spectra 
of the grown wires. 
 
7.2 Synthesis of SiNWs Catalyzed by Zn 
7.2.1 Surface Morphology 
The surface morphologies of SiNWs, synthesized via PPECVD and catalyzed 
using various thicknesses of Zn are depicted in the FESEM images shown in Figure 7.1. 
The as-grown SiNWs appear to be distributed randomly on the ITO substrate with a 
curved shape. The 10 and 20nm thick Zn catalysts produced thin and short curved 
SiNWs as shown in Figures 7.1A and 7.1B respectively. When the thickness of the Zn 
catalyst was increased, the wire shapes gradually changed and the wires grew randomly, 
overlapping each other and increasing in diameter as shown in Figures 7.1C to 7.1E.  
 
114 
 
 The as-grown SiNWs became thicker and their diameters reached 240nm. 
Moreover, the wires appeared to be more curved when a 100nm thick Zn catalyst was 
used (Figure 7.1F). Thus, catalyst thickness appears to affect the diameter, shape, and 
density of the as-grown SiNWs. Figure 7.2 shows the analysis of the diameter 
distributions of the synthesized SiNWs using different Zn thicknesses that were 
calculated with an error ratio of about ±5%. The diameter of SiNWs prepared with 
10nm thick Zn catalyst varied from 60nm to 110nm, whereas using a 20nm thick Zn 
catalyst led to SiNWs with diameters that ranged from 60nm to 120nm, as shown in 
Figures 7.2A and 7.2B, respectively.  
The diameters of the SiNWs prepared using 40 and 60nm thick Zn catalysts were 
in the range of 120nm to 130nm and 130nm to 140nm respectively. A similar trend was 
found for SiNWs grown with 80 and 100nm thick Zn catalysts. The SiNWs had larger 
diameters of 165 and 175nm respectively (see Figures 7.2E and 7.2F).  
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Figure 7.1: FESEM images for SiNWs prepared using Zn catalyst thicknesses of (A) 
10nm, (B) 20nm, (C) 40nm, (D) 60nm, (E) 80nm and (F) 100nm. 
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Figure 7.2: Diameter distributions of the SiNWs grown using a Zn catalyst 
with various thin film thicknesses from 10-100nm. 
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        Using plasma to prepare SiNWs via the PECVD method usually leads to an 
increase in the rate of deposition compared with the CVD technique that in turn leads to 
an increase in the diameter and length of the prepared wires. Yu et al. (2000) and Chung 
et al. (2000) synthesized SiNWs with diameters between 15 and 35nm using CVD at 
temperatures of 440°C to 500°C using Zn as the catalyst. The Zn catalyst was created 
through the deposition of ZnCl2/ethanol solution on a Si substrate and heating the 
substrate at 450°C. They found that SiNW synthesis via the gas-phase reaction of SiCl4 
with Zn at 1000°C resulted in SiNWs with diameters in the range of 40nm to 80nm and 
this is less than the 120-130nm diameter obtained using PECVD with 40nm thickness 
on Zn metal catalyst. Zn metal was likewise observed at the end of the NWs, indicating 
that SiNWs could be grown via the VLS mechanism (Uesawa et al. 2010).   
      The results are in accordance with the results obtained by Al-Taay et al. (2013a) 
and Al-Taay et al. (2013b) (as Chapters 4 and 5), who found that using Sn and Al 
catalysts with varying thicknesses in the range of 10nm to 100nm led to an increase in 
the diameter of as- grown SiNWs by PPECVD. Other studies similarly found that 
catalyst thickness plays an important role in determining the NW diameter and that an 
increase in catalyst thickness leads to an increase in SiNW diameter (Cui et al. 2001; 
Wang et al. 2006; Qin et al. 2011) .  
 The densities of the SiNWs grown using Zn catalysts with varying thicknesses 
were measured from the FESEM images. Figure 7.3 presents the relationships among 
catalyst thickness, average diameter, and density of SiNWs. An increase in Zn thin-film 
thickness from 10nm to 100nm led to an increase in the average diameter of grown 
SiNWs from 65nm to 205nm. The densities of synthesized SiNWs likewise decreased 
from 15NW/µm
2
 to 7NW/µm
2
 when the Zn thin-film thickness increased from 10nm to 
100nm, as shown in Figure 7.3.  
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    Figure 7.4 shows the cross-sectional images of SiNWs catalyzed using Zn with 
20 and 60nm thicknesses. The height of the grown wires using 20 and 60nm of Zn 
catalyst was 420 and 350nm, respectively. Al-Taay et al. (2013c) (as Chapter 6) noted 
that increasing the Au catalyst thickness from 20 to 100nm lead to a decrease in the 
wires height from 12 to 10µm.  
 
 
 
 
 
Figure 7.3: The Zn catalyst thin film thickness vs. wire diameter and density. 
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Figure 7.4: Cross-sectional images of SiNWs synthesized using Zn catalyst 
thicknesses of (A) 20nm and (B) 60nm. 
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Energy Dispersive X-ray (EDX) measurement was conducted for SiNWs 
catalyzed with 40nm thick Zn during the FESEM observations (Figure7.5). The EDX 
spectra were collected from a large part of the SiNWs. Analysis showed the presence of 
Si with an atomic ratio of 54% and of Zn metal with an atomic ratio of 8.6%, indicating 
that the Zn catalyst is involved in the growth of SiNWs. The small amount of oxygen 
shown was due to the exposure of the samples to the atmosphere during preparation. 
 
 
 
 
 
 
 
 
 
 
Further microstructure characterization was carried out using the TEM. The 
TEM images of SiNWs catalyzed with 20, 60, 80 and 100nm thick Zn catalysts are 
shown in Figure 7.6. The Zn catalyst particle was clearly observed at the tip of the 
NWs, indicating that Zn catalyzed the growth of SiNWs via the VLS mechanism. The 
TEM images confirmed that an increase in catalyst thickness results in an increase in 
wire diameter. The phase diagram of Zn–Si is shown in Figure 7.7. It is dominated by a 
single eutectic point at 420°C at a Si concentration of 10% , despite its high vapor 
pressure of 0.2 mbar at 420°C (Schmidt et al. 2009). Moreover, Zn metal has an 
advantage in that Zn contamination can be removed easily compared with Au metal 
contamination. 
Figure 7.5: EDX spectra of SiNWs catalyzed using a 40nm thin film of Zn.  
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Figure 7.6: TEM images of SiNWs prepared by Zn catalyst thin films with 
thicknesses of (A) 20nm, (B) 60nm, (C) 80nm and (D) 100nm. 
 
B 
200 nm 
A 
200 nm 
C 
200 nm 
D 
200 nm 
122 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7.2.2 Crystalline Structure 
      The XRD patterns of SiNWs synthesized with varying Zn thicknesses in the range 
of 10nm to 100nm are shown in Figure 7.8. The XRD patterns for all the prepared 
samples show a diffraction at peak about 30.6°, which corresponds to the (200) plane of 
the ITO-coated glass substrate. 
      Figure 7.8 further shows that diffraction peaks appeared at 28.4°, 47.3° and 56.1° 
corresponding to the (111), (220) and (311) planes  of the crystalline Si phase, 
respectively. These peaks were most pronounced for SiNWs catalyzed with 10 and 
80nm thick Zn films, indicating that the prepared SiNWs had good crystallinity. Zn 
metal diffraction peaks from the (111) plane were also detected at 36°, indicating the 
catalyzed growth of SiNWs via the VLS mechanism.  
 
 
Figure 7.7: The Zn- Si alloy binary phase diagram (Schmidt et al. 2010). 
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  The absence or low intensity appearance of XRD peaks could be due to the low 
temperature used in the SiNW preparation, which in turn led to the growth of wires with 
low crystallinity. Using PECVD to prepare an amorphous layer over the wire, led to a 
reduction in the crystallinity of the as-grown SiNWs (Iacopi et al. 2007; Yu et al. 2009; 
Yu et al. 2008).  
Another reason for the weak crystallinity is that the wires were grown with a 
polycrystalline structure and the strength of the diffraction peaks in the XRD pattern is 
dependent on the particle size and the larger particles dominate (Mahdi et al. 2012). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 nm 
20 nm 
40 nm 
60 nm 
80 nm 
100 nm 
Figure 7.8: XRD patterns of SiNWs prepared using various Zn catalyst 
thicknesses in the range of 10-100nm. 
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7.2.3 Optical Properties 
7.2.3.1 Photoluminescence Spectra (PL) 
Figure 7.9 shows the room-temperature PL spectra of the SiNWs catalyzed using 
Zn metal with varying thicknesses in the range of 10nm to 100nm. Green, blue and red 
emission bands were observed from the SiNWs. The PL spectrum of the SiNWs 
catalyzed with 10nm thick Zn displayed a broad emission band with peaks at 500, 750, 
850 and 920nm, whereas the 20nm thick Zn catalyst produced SiNWs with three broad 
emission bands located at 540, 750 and 900nm. Two broad emission bands at 450 and 
750nm were observed in the PL spectrum of the SiNWs grown with 100 nm thick Zn.  
The PL emission for SiNWs catalyzed with 40, 60 and 80nm thick Zn are listed in 
Table 7.1 and shown in Figure 7.9.  In nanocrystalline materials, two emission peaks 
can usually be observed, a sharp one from the band-to-band recombination and a broad 
emission peak at a longer wavelength, due to a surface state or defect (Tai and Guo 
2008). However, the emission peak could be related to the electron–hole recombination 
that occurred near the band edge. Based on the theoretical prediction of Sanders and 
Chang (1992), the quantum confinement effect appears when the nanostructure 
dimension becomes comparable to or less than that of the free excitons of c–Si.  
 The prepared SiNWs presented a huge NW diameter of about 50nm, indicating 
quantum confinement. Moreover, when the NW diameter becomes smaller, the energy 
band gap between the occupied and non-occupied states of electrons is enlarged, 
thereby leading to a blue shift (Ke et al. 2002).  Furthermore, for oxide-passivated 
SiNWs, a specific red PL at 745 nm was observed, and this peak may originate from the 
Si–O–Si bridge bonds along the crystalline direction (111) based on the theoretical 
calculation and this peak is not observed from other structures such as (110) or (112) 
SiNWs, implying its dependence on the crystalline configurations (Kang et al. 2011). 
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7.2.3.2 Raman spectra 
        Raman spectra of SiNWs catalyzed via different Zn metal thicknesses ranging 
from 10nm to 100nm are shown in Figure 7.10. The spectra for all prepared samples 
have two broad peaks located at 920 and 290cm
-1 
which correspond to the second order 
optical phonon mode and the second order transverse acoustic phonon mode of 
crystalline Si, respectively (Li et al. 1999).  
Figure 7.9: PL spectra of SiNWs prepared using Zn catalyst layers with thicknesses of 
10-100nm. 
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   In contrast, with the Raman spectrum of c-Si, which is attributed to the first 
optical phonon peak at 520 cm
-1
 (Pan et al. 2005). The first order Raman peak of the 
SiNWs catalyzed with 10 and 80nm thick Zn exhibited a sharp peak located at 496cm
-1
 
with a down shift of about 24cm
-1
. On the other hand, SiNWs prepared using 20, 40, 
60nm thick Zn displayed broad Raman peaks at 482, 476 and 475cm
-1
, respectively. 
The Zn with 100nm thickness also produced SiNWs with a broad Raman peak located 
at 468 cm
-1
.  
        The SiNWs catalyzed with 10 and 80nm of Zn displayed a sharp Raman peak and 
it was the closest to c-Si location at 520 cm
-1
, whereas broad peaks were observed for 
other samples catalyzed using different Zn thicknesses.   Raman spectroscopy is an 
effective tool for estimating the amount of crystalline and amorphous phase in 
nanomaterials. Thus, the crystalline material presented a sharp Raman peak, located at 
520cm
-1
, whereas the amorphous material displayed a broader peak at lower frequency 
(Li et al. 2013). The location and curve shape of Raman band depends on the 
crystallinity, size uniformity, oxidation layer and on the variation of crystal constants 
(Niu et al. 2006). Our results are a good match with the results reported in the literature 
(Kiany et al. 2011; Meshram et al. 2011). 
 The relationship between nanoparticle size and Raman shift assumes that the 
phonon confinement effect occurs when the particle diameter exceeds the phonon mean 
free path, resulting in the 1TO Raman band shifting towards a lower wave number. The 
increasing the wires diameter led to shift of the 1TO band toward lower wave numbers 
because the wires became less crystalline as the diameter increased. The SiNWs 
prepared using 80nm Zn catalyst displayed a Raman peak located at 495cm
-1
 because 
this sample showed good crystallinity compared with the other catalysts as shown in 
XRD pattern. Table7.1 presents the crystallite size values of SiNWs catalyzed with 
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different Zn catalyst layer thicknesses. The SiNWs catalyzed with 10 and 80nm thick 
Zn had a larger crystal size of approximately 1.9nm diameter. 
 
 
 
 
 
 
 
 
 
 
 
Table 7.1:  Raman and PL peak locations and crystal size of the grown SiNWs using Zn 
catalyst. 
 
 
 
 
 
 
 
 
Zn thickness 
(nm) 
Raman peak   
(cm
-1
) 
crystallite size 
Dr (nm) 
PL bands (nm) 
10 496 1.9 500, 750, 850, 920 
20 482 1.55 540, 760, 900 
40 476 1.41 540, 750, 850, 900 
60 475 1.4 590, 750, 900 
80 495 1.9 550, 750, 900 
100 468 1.3 450, 750 
Figure 7.10: Raman spectra of SiNWs prepared using Zn catalyst layers with 
thicknesses of 10-100nm. 
(cm
-1
) 
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7.3 Conclusions  
Zn metal with various thicknesses was successfully used as a catalyst to grow 
high-density SiNWs through PPECVD on ITO-coated glass substrates. The FESEM 
images show that Zn catalyst thickness can affect and control the morphology and 
diameter of as- grown SiNWs. The diameters of the NWs increased from 65 to about 
205nm as a result of increased catalyst thickness from 10nm to 100nm. X-ray 
diffraction patterns reveal that SiNWs prepared using 10 and 80nm-thick Zn have good 
crystallite sizes compared with the SiNWs prepared using other thicknesses. 
  Green, blue, and red emission bands are observed in the PL spectra of the SiNWs 
catalyzed with various Zn thicknesses.  Raman spectra show that the first-order band is 
sharp and is located nearest to the c–Si location for SiNWs catalyzed using 10 and 
80nm-thick Zn. In comparison, a broad Raman band is observed for other prepared 
samples, indicating that SiNWs grown using 10 and 80nm-thick Zn catalysts have 
higher crystallinity. These results are confirmed by the XRD. The crystallite sizes 
calculated from the Raman spectra showed that the SiNWs catalyzed by 10nm and  
80nm thickness of Zn metal had the largest model particle sizes of 1.9nm while using 
100 nm thickness of Zn catalyst produced SiNWs with a smaller modal particle size of 
1.3nm. 
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CHAPTER 8 
COMPARISON AND DISCUSSION OF THE   
PROPERTIES OF METAL-CATALYZED SiNWs 
 
8.1 Introduction  
        The Pulsed PECVD method has been used to grow SiNWs on indium tin oxide-
coated glass substrates. Sn, Au, Al and Zn metals at various of thicknesses in the range 
10nm to 100nm were used to catalyze SiNW growth. This Chapter compares the results 
obtained on the performance of SiNWs grown using different types and thicknesses of 
catalysts. The effect of the catalyst type and thickness on the SiNW properties, such as 
morphology, and structural and optical properties is summarized here. 
 
8.2 Effect of Catalyst Type and Thickness on the Morphological 
Properties of SiNWs. 
SiNWs were grown using (PPECVD) with Sn, Au, Al and Zn catalysts. Various 
SiNWs morphologies were observed in this study. SiNWs grown using a 10nm thin film 
Sn catalyst showed inhomogeneity in diameter. When the Sn catalyst thickness was 
increased to 20nm, the NWs showed a more homogenous diameter.  Also, the SiNWs 
grown using 60, 80 and 100nm films showed significant improvements in wire 
morphology, especially in terms of homogeneity in diameter. 
Meanwhile, homogeneous and long NWs were observed when the Au catalyst in 
the thickness range of 10nm to 60nm was used, but kinking or worm-like structures 
appeared when the thickness was increased to 80nm and 100nm as shown n TEM 
images (Fig.6.5).  
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     An Al catalyst produced shorter NWs that tended to aggregate when the Al 
thickness was increased to 60nm. Also, two morphological structures were obtained 
when the catalyst thickness was 80nm and 100nm: thick, short, aligned NWs, and small, 
circular NWs, respectively. Using a thin-layer Zn catalyst produced thin and short-
curved NWs, but with increasing Zn thickness, the NWs grew in an overlapping manner 
and appeared more curved (at 100nm Zn thickness). The Au catalyst produced the 
longest NWs. With an Au catalyst thickness of 20nm, the mean NW length was 12µm. 
This NW length was reduced to 10µm with increasing catalyst thickness (100nm). The 
Zn catalyst produced NWs with the shortest length.  
An increase in the thickness of the catalysts led to an increase in catalyst diameter 
as shown in the FESEM images, which in turn resulted in an increase in the diameter of 
the prepared SiNWs. The average diameter of the grown SiNWs increased with 
increasing thickness of the Sn, Al, Au and Zn catalysts (Figure. 8.1).  The 10nm thick 
Al catalyst resulted in the largest diameter of SiNWs of 115nm, whereas the same 
thickness of Au catalyst resulted in the smallest SiNW diameter of 55nm.  However, the 
SiNWs catalyzed by Al metal were thicker compared with the others grown using Sn, 
Au and Zn metals (see Figure. 8.1). The average diameter of the SiNWs grown using 
various catalysts with different thicknesses, in the range 10nm to 100nm are listed in 
Table 8.1.  
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         The density of SiNWs grown using various catalyst thicknesses, in the range 
10nm to 100nm, has been plotted in Figure. 8.2. Generally, the density of the SiNWs 
decreased as the catalyst thickness increased. Figure 8.2 shows that a 10nm thick Al 
catalyst produced the greatest SiNW density of 20 NW/μm2, whereas 100nm thick Au 
resulted in the lowest density of 6 NW/μm2.  
 
 
 
 
Figure 8.1: Average diameter of NWs vs. thickness of Sn, Au, Al and Zn 
catalysts. 
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Table 8.1: The average diameter of the SiNWs grown using various catalysts with 
different thicknesses. 
 
Catalyst 
thickness (nm) 
Diameter (nm) 
Sn Al Au Zn 
10 75 115 55 65 
20 95 125 65 85 
40 105 165 135 125 
60 135 195 165 135 
80 185 235 185 165 
100 195 265 195 175 
 
 
     The growth of SiNWs is influenced by the physical properties of the catalyst type 
used. The eutectic point of the catalysts/Si determines the minimum required 
temperature for the growth of the SiNWs. The underlying mechanism of Si growth with 
Al catalysis is VSS, whereas with the other catalysts, the underlying mechanism was 
VLS. The melting points, eutectic points and the growth mechanisms of the various 
catalysts are listed in the Table 8.2. Using different types of metals to catalyze SiNWs is 
very important. Thus, there are more than one reason to use Sn, Au, Al and Zn metals in 
the preparation of SiNWs. According to the various eutectic points of the Sn, Au, Al 
and Zn metals with Si, the growth temperature will control the wires morphology and in 
turn the other physical properties.  
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      Three of the metals used had a eutectic point less than the chosen growth 
temperature. That means the growth process will happen through VLS. Another reason 
for choosing a different catalyst was that each has a different diffusion ability in Si will 
which lead to effects on the properties of the grown SiNWs, especially the optical and 
electrical properties. Furthermore, all of the used catalysts require relatively low growth 
temperatures that avoid melting the ITO-glass substrates.  The use of this type of cheap 
substrates is desirable. On the other hand, increasing the growth temperature up to the 
eutectic point of Al-Si will lead to melting of the substrate. The substrate type affects 
the growth of the nanowires, thus using another type of substrate such as Si or sapphire 
may lead to SiNWs with different morphology and properties. Moreover, using other 
substrates than ITO-glass may create a problem for the back contact of the fabricated 
device. 
 
 
 
 
 
 
 
 
 
 
Figure 8.2: The NW density vs. thickness of Sn, Al, Au and Zn catalysts. 
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The X-ray diffraction measurements show that the SiNWs grown by Au catalysts 
had higher crystallinity compared with other catalysts. Moreover, the diffraction peaks 
became sharper with increasing wire diameter because of increasing catalyst thickness, 
indicating that the crystallinity of the grown SiNWs was enhanced.  
 
 
8.2.2 Comparison of the Optical Properties of SiNWs 
The PL and Raman spectra were employed to study and investigate the optical 
properties of the SiNWs catalyzed by Sn, Au, Al and Zn metals. Generally, a red 
emission band was observed clearly in the PL spectra for all prepared SiNWs. The PL 
spectra of the SiNWs prepared using a Sn catalyst showed red emission in all samples, 
except those catalyzed by 60nm Sn films emitted light at a wavelength of 608nm.  
In addition, SiNWs catalyzed with Al at various thicknesses displayed green, blue 
and red emission bands which corresponded to recombination at the oxygen defect in 
the Si oxide layer, which coated the outer surface of the NWs. The PL spectra of the 
SiNWs prepared with various Au thicknesses showed a red emission band. Green, blue, 
and red emission bands in the PL spectra were observed for the SiNWs catalyzed by Zn 
with various thicknesses. In the Raman spectrum, the first order transverse optical mode 
 
Catalyst 
 
Melting Point  (
o
C) 
 
Si eutectic point (
o
C) 
 
Growth Mechanism 
Sn 231.9 232 VLS 
Au 1064.18 363 VLS 
Al 660.3 577 VSS 
Zn 419.58 420 VLS 
Table 8.2: The melting point and Si/metal eutectic point of Sn, Au, Al and Zn metals. 
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(1TO) appeared in all SiNWs catalyzed using Sn, Au, Al and Zn. However, the 1TO 
peak location depended on the catalyst type and thickness.  The Raman peak location 
for SiNWs prepare using Sn, Al,Au and Zn are listed in Table 8.3. Important results 
were observed at a catalyst thickness of 80nm for all catalysts, and the 1TO Raman 
peak was closest to the crystalline Si peak location in all prepared samples, except for 
the SiNWs prepared using 100nm of Au metal where the Raman peak was closest to the 
crystalline Si peak.  
The crystal size of the grown SiNWs calculated from the Raman spectra 
confirmed decreasing SiNWs size as the thickness of Sn, Al and Zn catalysts increase 
from 10nm to 60nm and 100nm. The SiNWs prepared using 80nm thick Sn, Al and Zn 
catalysts had the largest crystal size. The SiNWs synthesized with the Au catalyst 
diverged from this behavior, in that the crystal size increased as the catalyst thickness 
increased from 10nm to 100nm, as shown in Figure. 8.3. 
 
 
 
 
 
 
 
 
 
Figure 8.3: The crystal size vs. thickness of Sn, Al, Au and Zn catalysts. 
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Catalyst 
thickness (nm) 
 
Raman peak position (cm
-1
) 
Sn Al Au Zn 
10 497 500 496.5 496 
20 505 495 503 482 
40 494 493 503 476 
60 491 490 505 475 
80 513 511 507 495 
100 488 484 513.5 468 
 
8.3 Conclusions  
SiNWs can be prepared by Sn, Au, Al and Zn metals as catalysts. The growth 
mechanism of the wires is VLS when Sn, Au and Zn catalyst are chosen and VSS 
mechanism for wires catalyzed by Al metal. The wire morphology (diameter, length, 
and shape) is significantly affected by the type and thickness of the catalyst film. In 
general, the wires became thicker and shorter with increasing catalyst thickness from 
10nm to 100nm for all catalyst types.  
      The SiNWs prepared using an Au catalyst had higher crystallinity than those 
prepared using the other catalysts.  Moreover, the optical properties of the grown 
SiNWs are affected by the catalyst type and thickness. For example, the Raman 1TO 
peak location depends on catalyst type and thickness.  
Table 8.3: The Raman peak location of the SiNWs grown using various catalysts with 
different thicknesses. 
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Generally, the Raman peak is red shifted with increasing catalyst thickness, 
except the thickness of 80nm where the 1TO Raman peak is closest to the crystalline Si 
peak location in all prepared samples. However, the Raman peak of the sample, 
prepared using 100nm of Au, was the nearest to the crystalline Si peak location. 
Investigating the effect of the various catalyst types and thicknesses on the physical 
properties of SiNWs is very important. The SiNWs which were catalyzed by 80nm 
thickness of Sn, Al and Zn had the maximum particle sizes while the wires prepared 
using 100nm of Au catalyst had the largest particle size. 
The Sn, Au, Al and Zn metals have different eutectic points with Si, which results 
significantly effect on the growth process of SiNWs. The growth process temperature 
affects the morphology, and in turn, the other properties of the grown SiNWs. 
Preparation of SiNWs at temperature higher than the eutectic point will proceed through 
the VLS mechanism, whereas when the temperature is less than the eutectic point, 
growth will be through the VSS mechanism.  The preparation process of SiNWs using 
Sn, Au and Zn is classified as VLS, whereas that prepared using Al was classified as 
VSS. 
Au and Zn are both effective catalysts which can be used to grow SiNWs under 
their growth conditions. However, Au has several advantages that make it a suitable 
catalyst to synthesize SiNWs. There are a relatively low temperature eutectic point of 
Au/Si and a high solubility in Si at the eutectic temperature. Zn is also an interesting 
alternative catalyst that can be used to grow SiNWs. 
 However, Zn metal not been used frequently to grow SiNWs due to the difficulty 
of preparing Zn thin films as it easily oxidizes in air . In this work, Zn thin films were 
deposited successfully via thermal evaporation with various thicknesses then used for 
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the first time as a catalyst to synthesize SiNWs via PPECVD. Zn metal was successfully 
used to catalyse SiNWs and produced high density NWs with interesting morphology. 
The melting point and eutectic point of Zn and Au catalysts are close to the 
deposition temperature of 400
o
C which produced high density growth of SiNWs via the 
VLS mechanism with a small average diameter. The physical properties of the SiNWs 
grown using Zn and Au catalysts are promising for the production of solar cells, 
therefore, these two elements were selected for the production of solar cells, as we shall 
see in the next chapter. 
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CHAPTER 9 
FABRICATION AND CHARACTERIZATION OF SiNW-
BASED SOLAR CELLS 
 
9.1 Introduction 
Silicon nanowire (SiNW) based solar cells provide interesting opportunities for 
the development of a new generation of thin-film Si solar cells with enhanced light 
trapping and increased cell performance. Thus, SiNWs have been recognized for their 
role in the development of third-generation solar cells, which aim to reduce the costs for 
device production and materials.  
This Chapter reports on different SiNW-based solar cells that have been designed 
and investigated. In addition, details of the fabrication process of the solar cells and 
their properties are discussed. The devices were fabricated on an indium tin oxide-
coated glass substrate by pulsed plasma-enhanced chemical vapor deposition 
(PPECVD). The SiNW-based solar cells were fabricated using two catalysts, Zn and 
Au, which produced two different NW morphologies. Both types of SiNWs were used 
for fabricating the devices. First, the cell was fabricated as a (p-i-n) structure, which 
included the p-type SiNWs catalyzed with Zn metal. The as-grown SiNWs were then 
covered by intrinsic and n-type amorphous Si layers.  
Homojunction (p-n) SiNW solar cells were also fabricated using Zn and Au 
metals as catalysts for growing the NWs. This design involved doping the NWs to 
fabricate p-n homo-junctions within each wire. The electrical characteristics of the 
fabricated devices were measured using IV characterization techniques. The surface 
morphology and structural properties of the prepared devices were studied by scanning 
electron microscopy and X-ray diffraction, respectively.  
[ 
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9.2 Fabrication of Solar Cells Based on the p_i_n Structure  
9.2.1 Device fabrication process 
SiNWs were fabricated on an indium tin oxide (ITO)-coated glass substrate by 
PPECVD using 80nm thick Zn metal as catalyst. P-type SiNWs were produced using 
silane (SiH4) and diborane (B2H6) gases at 400°C for 45min. Subsequently, the 
temperature and pressure were reduced to 225°C and 0.7torr, respectively, to create the 
intrinsic amorphous silicon layer (i-aSi); i-aSi was produced using undiluted silane gas 
for 25min and plasma power of 4W. Same synthesis conditions of Parlevliet(2008)      
were used to prepare 470nm of i-aSi layer.  
 Under the same conditions, an n-type amorphous silicon (n-aSi) layer was 
produced using SiH4 combined with phosphine (PH3) gas for 3min to deposit the n-aSi 
layer (Parlevliet 2008). After the p-i-n SiNW solar cell structure was fabricated, the 
system was purged with argon and cooled to room temperature. The samples were then 
removed and kept for further measurement. Figure 9.1 presents the schematic of the 
fabricated solar cell with the p-SiNWs/i-aSi/n-aSi structure.   
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 Figure 9.1: Schematic of p-i-n structure solar cell. 
Zn catalyst 
p-type SiNW 
Intrinsic a-Si layer 
n-type a-Si layer 
Al contact 
ITO 
Glass 
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9.2.2 Surface Morphology 
        The surface morphology of the p-i-n SiNW solar cell, synthesized by PPECVD 
using Zn metal as catalyst exhibited high density and short wires, as shown by the 
FESEM images in Figure 9.2a. The device was grown vertically on the ITO substrate 
with a height of approximately 650nm and is shown in a cross-sectional SEM image in 
Figure 9.2b.  
       The wire diameters ranged from 350nm to 600nm, as shown in the distribution of 
the synthesized SiNWs in Figure 9.3. The deposition of the intrinsic and n-type 
amorphous silicon layers onto the as-grown p-type SiNWs increased the diameters of 
the wires. The 100nm gold-catalyzed prototype SiNW photovoltaic device, fabricated 
by the same method described in previous research, exhibited an average diameter of 
about 420nm (Parleviet and Jennings 2011).  
       The Zn–Si system exhibited lower Si concentration than with Au and Al catalysts, 
which have 19% and 12% concentration levels, respectively (Schemidt et al. 2009). In 
addition, Zn contamination was more easily removed from Si than Au contamination 
(Schemidt et al. 2009). Significant differences were observed in the surface morphology 
between the SiNWs catalyzed by 80nm thick Zn metal and the p-i-n structure of the 
SiNWs catalyzed by same thickness of Zn metal. The wires which were catalyzed by 
80nm thick Zn seemed curved and the diameter ranged from 130 to 190nm. However, 
these differences in wire shape and diameter can be ascribed to the usage of different 
growth temperatures and times.  Furthermore, different preparation parameters of 
SiNWs were used to fabricate the device like the growth temperature, time of the 
deposition and the a-Si layer. The variations in the parameters of the grown SiNWs led 
to different morphologies of the wires. 
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A 
Figure 9.2: (a) FESEM image for p-SiNWs covered with intrinsic and n-type 
amorphous Si (b) Cross-sectional images of p-i-n SiNW solar cell. 
B 
Figure 9.3: Diameter distribution of NWs in the prepared solar cell using an 80nm 
thickness of Zn catalyst. 
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9.2.3 Crystalline structure 
The crystalline structure of the SiNWs in solar cell grown using an 80nm-thick Zn 
catalyst was investigated by XRD, as shown in Figure 9.4. The Figure illustrates that 
the diffraction peak of the Zn metal was observed at 36°, which corresponds to the 
(002) plane, indicating that Zn is the catalyst used to grow the SiNWs. The peaks 
observed at 34.4° and 35.8° were related to the (002) and (101) crystalline planes of 
zinc oxide (ZnO). The appearance of ZnO diffraction peaks in the XRD pattern 
indicates that some of the Zn catalyst formed an oxide during SiNW growth. The 
pattern for the synthesized solar cell also shows a diffraction peak at approximately 
30.6°, which corresponds to the (200) plane of the ITO-coated glass substrate. The 
absence of diffraction peaks that correspond to SiNWs may be related to the low 
crystallinity of the as-grown wires, as well as to the amorphous intrinsic and n-type a-Si 
layers that cover the wires. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.4: XRD patterns of SiNW prepared using Zn catalyst.  
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9.2.4 J–V characteristics 
Figure 9.5 shows the current density–applied voltage (J–V) characteristics under 
AM1.5 light and dark conditions of the fabricated devices that used Zn-catalyzed p-type 
SiNWs covered by two layers of amorphous intrinsic and n-type Si. The Al contacts 
were arranged as a series of circular spots that enable light to illuminate the device 
around the contacts.  The short-circuit current density (Jsc) and open-circuit voltage 
(Voc) were derived from Figure 9.5. The efficiency (η) and fill factor (FF) of the 
prepared solar cells were calculated via Eq. 2.11 and Eq. 2.12, respectively. The 
conversion efficiency of the fabricated solar cells was measured for different samples 
and showed differences which could be due to the metal-semiconductor contact quality. 
The efficiency of the fabricated p-i-n SiNW solar cells ranged from 0.78-2.05%. Figure 
9.5 (a, b and c) shown the illuminated current density- voltage plots for the fabricated 
cell and the solar cells characteristics are listed in Table 9.1. 
 
 Table 9.1: The parameters of the p-i-n structure fabricate solar cells.  
 
Fabricated cells 
 
Voc (V) 
 
Jsc  (mA/cm
2
) 
 
FF% 
 
η (%) 
 
Cell A 
 
0.50 
 
13.3 
 
30.8 
 
2.05 
 
Cell B 
 
       0.31 
 
16.2 
 
32.05 
 
1.61 
 
Cell C 
 
      0.39 
 
6.50 
 
30.7 
 
0.78 
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        Shunt resistance (Rsh) and series resistance (Rs) are the other parameters that can 
affect cell performance. Rs is caused by the bulk resistance of a semiconductor, the bulk 
resistance of metallic contacts, and the interconnections and contact resistance between 
the metallic contacts and the semiconductor. Rsh is caused by leakage across the 
junctions around the edge of a cell, in the non-peripheral regions near the crystal 
defects, and in the precipitates of foreign bodies in the junction region. High Rs reduces 
the output voltage under load, thereby decreasing FF. Low Rsh results in current 
leakages and reduces FF. 
 Thus, Rsh reduces the open-circuit voltage without changing the short-circuit 
current, and a high Rs reduces the short-circuit current without affecting the open-circuit 
voltage (Pode and Diout 2011). Ideally, Rs should be low and Rsh should be high 
because increasing the Rs of a solar cell increases the voltage drop within the cell, and a 
high Rsh increases the current flowing through the short-circuit voltage rather than the 
leakage path (Solanki 2011).  The Rsh and Rs of the highest-performing p-i-n fabricated 
solar cells were 1.875kΩ and 556Ω, respectively. The intrinsic a-Si layer has a key 
function in solar cell operation. This layer increases light absorption because the 
amorphous silicon has a significantly higher optical absorption coefficient in the visible 
portion of the spectrum than crystalline silicon (Shah et al. 1999). The effective use of 
the intrinsic a-Si layer reduces surface recombination (Fujiwara and Kondo 2007). 
Moreover, the p-layer is exposed to the incoming radiation and tends to degrade. 
Therefore a crystalline structure is preferred.Yu et al. (2012) found that increasing the 
intrinsic a-Si:H layer thickness from 20nm to 80nm increases the light absorption from 
40% to 80% in the 400nm to 600nm wavelength range. They also found that increasing 
the photocurrent density from 8.32mAcm
-2
 to 13.3mA cm
-2 
and the open-circuit voltage 
from 0.52V to 0.66V increases the efficiency of the solar cell from 2.2% to 4.2%.  
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Figure 9.5: The current density–applied voltage (J–V) characteristics of the fabricated  
p-i-n solar cells with η of (a) 2.05%, (b) 1.61%, and (c) 0.78%. 
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b 
c 
148 
 
Kempa et al. (2008) demonstrated that using the intrinsic layer reduces the 
saturation current, leading to substantial current leakage in single and tandem nanowire 
array p-i-n devices. Furthermore, their I–V characteristics indicate Voc and Jsc of 0.29V 
and 3.5mA/cm
2
, respectively, with 0.5% maximum efficiency. The p-type SiNWs/a-Si 
coaxial structure is required to collect effectively the photon-generated carriers from the 
conformal covering a-Si layer (Yu et al. 2010). A prototype device was fabricated by 
depositing intrinsic and n-type a-Si on top of the SiNWs. The device was grown on the 
TCO/Corning glass substrate to precipitate metallic Sn or In from the substrate by 
PECVD process at a temperature range of 300°C to 600°C.  
      Moreover, O’Donnell et al. (2011) used the PECVD process to grow a radial 
junction (i.e a junction cross of diameters of a single SiNWs) of intrinsic and n-type a-
Si over p-SiNWs grown on a glass substrate using Sn as the catalyst. They observed that 
light trapping can be optimized by increasing the wire length from 1µm to 3µm, 
producing a 13mA/cm
2
 current. Moreover, the device exhibited an increase in Voc from 
200mV to 800mV and increase in conversion efficiency from 3.4% to 5.6%. Cho et al. 
(2013) also used the PECVD method to grow p-type SiNWs catalyzed by Sn and 
covered by intrinsic and n-type hydrogenated a-Si on a glass substrate covered with 
ZnO:Al to synthesize a radial junction SiNW solar cell (pin) structure. The solar cells 
showed an efficiency of 4.9%, Voc of 0.8V, and Jsc of 12.4mA/cm
2
.  
Meanwhile, catalyst type has a crucial function in wire morphology, crystallinity, 
and electrical properties. Thus, the selection of a suitable catalyst that enables the 
production of highly efficient SiNW-based solar cells warrants further studies. For 
example, using Au metal as a catalyst for SiNW growth reduces Si lifetime and limits 
the light conversion efficiency of the fabricated solar cell (Tsakalakos et al. 2007). 
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 Parlevliet et al. (2011) synthesized a p-i-n structure of SiNW-based solar cells by 
the PPECVD method using 100nm thick Sn and Au metals as catalysts. They obtained 
an output efficiency of 0.03% when Sn was used, but the other solar cell that was 
fabricated using Au as catalyst did not respond to the light. Thus, using Zn metal to 
catalyze SiNWs for solar cell applications is a promising approach for fabricating more 
efficient devices.  
Tian et al. (2007) obtained 3.4% efficiency when they investigated the change of 
doping gas precursors on the characteristics of core-shell solar cells made on a single 
SiNW with a p-i-n structure fabricated by CVD. Diffusing the doping atoms in a 
furnace is another method of creating the p-n junction. Nanowire-based p-n junctions 
have recently been prepared by the thermal evaporation method at approximately 900°C 
with 1.47% conversion efficiency (Wang et al. 2010). 
The morphological characteristics of SiNW-based solar cells, such as wire length 
and diameter, can affect cell efficiency because a long NW has a low minority carrier 
lifetime that results in a high recombination rate. Thus, Voc, Jsc, and η are all low for 
long NWs (Shiu et al. 2011). The SiNW devices produced in the current study exhibited 
efficiency comparable to that published described in the literature. The devices 
described in this study have not been fully optimized, as proven by the variation in 
efficiency. However, they demonstrated the potential of Zn-catalyzed silicon 
nanostructures for photovoltaic applications. 
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9.3 p_n Homojunction SiNW Solar Cells 
9.3.1 Device fabrication process  
The PPCVD method was used to fabricate SiNW homo-junction solar cells. ITO-
coated glass was used as the substrate for the solar cells. Zn and Au metal thin films 
with thicknesses of 80 and 100nm, respectively, were used to catalyze the SiNWs. To 
prepare p-type SiNWs, the temperature was fixed at 400°C for 35min, and then SiH4 
and B2H6 gases were introduced with a flow rate of 280 sccm for 25min (as silicon and 
boron sources, respectively). After this phase of the deposition was completed, B2H6 gas 
flow was stopped and PH3 gas was inserted at a flow rate of 0.7 sccm for 20min to 
produce the n-type SiNWs. After the fabrication process of the SiNW p-n junction, the 
system was purged with argon and cooled to room temperature. Figure 9.6 shows the 
schematic of the homojunction p-n structure of SiNW solar cells fabricated using p and 
n type SiNWs catalyzed with Zn and Au. 
 
 
 
 
 
 
 
 
 
ITO/glass 
p-SiNWs 
n-SiNWs 
Al 
Figure 9.6:  Schematic diagram of the p-n junction SiNW solar cell. 
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9.3.2 Surface morphology 
The surface morphology of the SiNWs synthesized using 80nm-thick Zn and 
100nm-thick Au catalysts are shown in Figure 9.7. Both Zn and Au produced high-
density SiNWs under the growth conditions. However, the morphology of the NWs was 
significantly different for each catalyst. The SiNWs grown using the Zn catalyst 
appeared on the substrate as short curved NWs, whereas the Au catalyst produced long 
and homogeneous SiNWs, as shown in Figure 9.7.  
    The cross-sectional FESEM images of the Zn- and Au-catalyzed SiNW 
photovoltaic devices are shown in Figure 9.8. The wires were randomly oriented on the 
substrate with a straight structure. The lengths ranged from 5.6µm to 11µm for the 
SiNWs grown using the Au catalyst and from 0.16µm to 0.38µm using the Zn catalyst. 
Figure 9.9 shows the analysis of the diameter distribution of the fabricated devices 
using Zn and Au catalysts. The wire diameter of the SiNWs grown using the Zn catalyst 
ranged from 190nm to 260nm, whereas the SiNWs prepared with the Au catalyst had a 
wire diameter range from 140nm to 210nm. Moreover, the density of the SiNWs was 
calculated, to be 8 and 5NWs/µm
2
 for the wires grown using Au and Zn catalysts, 
respectively.  
      The SiNWs catalyzed by Zn were thicker compared with those catalyzed by Au.   
According to the phase diagram, the eutectic points of the Au–Si and Zn–Si systems 
were 363 and 420°C, respectively, and the melting point of Zn was 420°C, whereas that 
of Au was 1064°C (Schemidt et al. 2009). The substrate was annealed at 400°C for 
35min before the SiH4 gas was inserted into the preparation chamber. Thus, the Zn 
particles aggregated and were larger in diameter than the Au, which in turn led to an 
increase in the grown wire diameters. 
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  Parlevliet and Jennings (2011) grew SiNWs by PPECVD using a 100nm thin film 
thickness of Au as a catalyst, and found that the average diameter of the deposited 
SiNWs was 420nm. Kelzenberg et al. (2008) also prepared SiNWs using 100nm thin 
film thickness of Au catalyst and obtained diameters of prepared wires ranging from 
200nm to 1.5µm. Yu et al. (2008) and Chung et al. (2000) used Zn as a catalyst to grow 
SiNWs by the CVD the method. The Zn catalyst was formed using SiH4 and 
ZnCl4/ethanol solution at 450°C. They obtained SiNWs with diameters ranging between 
15 and 35nm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.7: SEM images of the p-n junction SiNWs solar cells 
using (A) Zn and (B) Au catalysts. 
A 
B 
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Figure 9.8: Cross sectional FESEM images of the prepared 
solar cells. 
 
Figure 9.9:  Diameter distribution of the SiNWs in the solar cells using 
(A) Zn and (B) Au catalysts. 
A B 
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9.3.3 Crystalline structure 
       Figure 9.10 shows the XRD patterns of the Zn and Au-catalyzed SiNW-based 
solar cells. The SiNWs, produced using Au as catalyst, showed diffraction peaks at 
28.6, 47.6, and 56.3°, corresponding to the (111), (220) and (311) planes, respectively, 
of the Si diamond structure. The XRD pattern of the Zn catalyzed sample shows a high 
diffraction peak at 28.4
o
 corresponding to the (111) plane of the Si crystalline structure. 
Moreover, the diffraction peaks corresponding to the Zn and Au catalysts are apparent 
in Figure 9.10. 
    These results are in accordance with Parlevliet and Jennings (2011), Kuo et al. 
(2011) who synthesized SiNWs by PPECVD and CVD methods, respectively, using Au 
as catalyst, obtained highly crystallized SiNWs. The peaks due to the metal catalysts 
were detected because the metals were located on top of the SiNWs. Parlevliet and 
Jennings (2011)  and Iacopi et al. (2007) also used Sn and Al catalysts to grow SiNWs 
by PPECVD and PECVD methods. They found that the grown SiNWs exhibited 
amorphous structure. 
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Figure 9.10: XRD patterns of SiNWs solar cells prepared using (A) 
Zn and (B) Au catalysts. 
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9.3.4 J–V characteristics 
The J–V characteristics of the pn junction SiNW solar cells fabricated using the 
Zn and Au catalysts are shown in Figure 9.11. These devices exhibited clear 
photovoltaic behavior with an efficiency of 1.01 % for the p-n Zn solar cell, while the p-
n Au solar cell produced an efficiency of 0.67%. In addition, Jsc and Voc were derived 
from Figure 9.11, the Voc of the solar cell produced by the Au-catalyzed SiNWs was 
significantly less than the Voc of the solar cell fabricated using Zn as the catalyst. This 
difference may be attributed to the fact that the Au in Si acts as a recombination centre 
that reduces the charge carrier lifetime, which consequently reduces the open-circuit 
voltage (Sze 1981).  
The η of the p-n junction fabricated solar cell catalyzed by Zn and Au metals were 
measured at several different sites on the cells’ surfaces.  The cell parameters are 
summarized in Tables 9.1 and 9.2. The calculated η showed a variation in values that 
could be due to the difference in metal-Si contact quality. The as-grown SiNWs had 
various morphological differences such as diameter, shape and NW density that could 
have led to significant effects on the metal-Si contact quality. The fabricated p-n 
junction solar cells catalyzed with Zn exhibited a range of efficiency from (1.01%-
0.29%), while the efficiency of the p-n junction cells catalyzed with Au was ranged 
between (0.67%-0.25%). The best η value of the p-n junction solar cell fabricated using 
Zn was 1.01%, whereas the other one that was fabricated using the Au catalyst achieved 
0.67%. 
The surface morphology of the grown SiNWs like the length, diameter, and 
density  can affect the efficiency of the solar cells due to the long NWs have a low 
minority carrier lifetime as a result of the high recombination rate; thus, all of the key 
cell parameters are low for long NWs (Shiu et al. 2011).  
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The morphology of the as-grown SiNWs catalyzed by Zn was significantly 
different compared with those prepared using a Au catalyst (Fig. 9.7). The former 
exhibited a greater diameter with shorter NW length around 0.38µm compared with 
those fabricated using a Au catalyst and which produced a maximum length of 11µm. 
Thus, increasing the wire length led to a reduction in the minority carrier lifetime.  
Syu et al. (2012) noted that the efficiency of the fabricated SiNW/organic hybrid 
solar cell increased from 3.76% to 5.59% when the length of the as-grown NWs 
decreased from 5.59µm to 0.37µm. Furthermore, increasing the wire diameter 
minimized the area between the SiNWs and reduced the reflection of the incident light.  
Other researchers have also studied the optical properties of SiNW arrays, and 
found that η increases as the NW diameter increases (Junshuai et al. 2009,  Tsakalakos 
et al. 2007) prepared p-type SiNWs catalyzed by Au and covered with n-type a-Si to 
fabricate the p-n junction of a SiNW- based solar cell on a metal foil substrate by the 
CVD method. The authors achieved an efficiency of ˂0.1%. 
SiNW solar cells with radial p-n junction structures were fabricated by the CVD 
method using Au as a catalyst on a crystalline Si substrate at 550°C (Gunawan and 
Guha 2009). The authors observed that the efficiency enhancement, due to the presence 
of the NWs, increased light trapping within the device, and the fabricated cells showed 
a maximum efficiency of 0.9%, Voc =300mV, and Jsc =11mA/cm
2
. The spectral 
efficiency showed that the surface recombination effect increased on the large surface 
area of the NW cells when Au was used as catalyst.  
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Stelzner et al. (2008) fabricated SiNW solar cells on Si wafers and 
multicrystalline Si thin films on glass, and obtained a Voc of 230mV to 280mV, Jsc of 
2mA/cm
2, and η of 0.1%. Moreover, Thomas et al. (2008) synthesized a solar cell based 
on single crystal SiNWs grown by the VLS method with a Au catalyst, and the devices 
exhibited Voc = 0.29V, Jsc = 3.5mA/cm
2
, and a  maximum efficiency of 0.5%.  
      The FF of our Au-catalyzed SiNW solar cell was 59%, which was about twice of 
the Zn-catalyzed SiNWs solar cell value. The value of the FF was significantly higher 
than that reported for other SiNW solar cell devices with FFs of 20% and 40% 
(Kelzenberg et al. 2008, Ghung and Heat 2000, Sung-Wook et al. 2000, Kuo et al. 201, 
Iacopi 2007) 
The Rs and Rsh of the fabricated solar cells were also calculated. The Rs of the Zn-
catalyzed SiNW solar cell was 833.3Ω, which was much higher than that of the Au-
catalyzed SiNW solar cell with 120.4Ω. This disparity may be attributed to the 
difference in the morphology of the wires such as (diameter, shape, length and density).  
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Figure 9.11: J-V characteristics under dark and illumination of the fabricated 
SiNWs solar cells catalyzed with (A) Zn and (B) Au catalysts. 
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Table 9.2: The Zn catalyzed p-n junction SiNWs solar cell parameters. 
Zn catalyzed  
SiNWs cells 
Voc 
(V) 
Jsc 
(mA/ cm
2
) 
 
F.F% 
 
η % 
Site 1 0.41 6.31 39 1.01 
Site 2 0.42 7.44 28 0.9 
Site 3 0.44 3.98 36 0.64 
Site 4 0.34 1.67 51 0.29 
 
Table 9.3: The Au catalyzed p-n junction SiNW solar cell parameters. 
Au catalyzed  
SiNWs cells 
Voc 
(V) 
Jsc 
(mA/ cm
2
) 
 
F.F% 
 
η % 
Site 1 0.15 7.5 59 0.67 
Site 2 0.145 7.87 51 0.59 
Site 3 0.140 5.55 63 0.49 
Site 4 0.172 3 48 0.25 
 
Comparison of the photovoltaic performance for SiNW solar cells catalyzed via 
Zn metal with p-i-n and p-n structures, showed that the performance of p-i-n solar cell 
structure was much better with efficiency of 2.05%, compared with the p-n junction 
solar cell that had a 1.01% efficiency. It is worth mentioning that both fabricated p-n 
and p-i-n  devices show good stability with time when  several tests to calculate the 
device characteristics have been made. 
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9.4 Conclusions 
       Several designs of solar cells based on SiNWs were fabricated by the PPECVD 
method at 400°C on an ITO-coated glass substrate. Zn metal was successfully used for 
the first time to catalyze p-type SiNWs. The as-grown wires were covered by two layers 
of intrinsic and n-type amorphous Si to fabricate the p-i-n solar cell structure.  
          FESEM images showed that the wires had diameters ranging from 350nm to 
600nm. The XRD pattern at the diffraction peaks corresponding to Zn metal, ZnO, and 
the ITO substrate, whereas the Si peaks were absent. The fabricated solar cell exhibited 
an effective response to light. The maximum photocurrent density was 13.3mA/cm
2 
and 
the open-circuit voltage was 0.5V. A promising nanowire pin junction solar cell was 
fabricated in this work, which had a 2.05% light conversion efficiency.  
Other structures of solar cells were also fabricated based on the Au and Zn 
catalysts using the same preparation method. Solar cells consisting of SiNWs were 
catalyzed with Zn and Au metals and doped as p and n types to produce p-n 
homojunction cells for the first time. The surface morphology, crystalline structure, and 
photovoltaic properties were investigated.  
      The SiNWs grown with Zn and Au catalysts produced two different NW 
morphologies. The NWs grown using Zn as catalyst exhibited larger diameters and 
shorter lengths than those grown using Au as catalyst. Structural analysis showed that 
the SiNWs prepared using the Au catalysts were crystalline, in contrast to the nanowires 
grown using Zn catalyst.  
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 The efficiency of the p-n junction solar cells catalyzed by Zn and Au were 
calculated in different area of the surface. The fabricated p-n solar cell based on the Zn-
catalyzed SiNWs showed a higher efficiency of 1.01% compared with the Au-catalyzed 
SiNW pn solar cells with an efficiency of 0.67%.  
          The variation in the output results of the two fabricated solar cells was due to the 
difference in the surface morphology and the crystalline structure of the prepared 
SiNWs.  Based on these results, it appears that the p-i-n structure is more promising and 
that Zn is a promising catalyst for producing SiNW solar cells. More studies are 
required to investigate the effect of the growth parameters on the nanowires properties 
and in turn, to optimize the device design. However, Zn metal is promising catalyst that 
can be use to grow SiNWs  and fabrication solar cell devices. However, it would be 
useful to study the effect of other factors such as other catalyst types and temperature of 
preparation on the characteristics of the preparation of solar cell. Furthermore, many 
more samples are needed to demonstrate definite trends related to deposition conditions. 
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CHAPTER 10 
CONCLUSIONS AND SUGGESTIONS FOR FUTURE 
WORK 
 
10.1 The Research Goals 
Solar power is a promising alternative for generating clean and renewable energy. 
Producing solar cells with high efficiency and low cost has become the goal of most 
third-generation PV studies. One promising approach is to use nanostructured materials 
that can reduce the cost and improve the efficiency of solar cells. In addition, the 
development of a new generation of thin film Si solar cells, with enhanced light 
trapping by incorporating SiNWs is also promising, and could significantly reduce the 
fabrication cost of solar cells. The application of SiNWs to solar cells has numerous 
advantages, such as improvement of the energy collection efficiency of the cell due to 
the shift in photoresponse of the Si closer to the maximum of the solar spectrum on the 
earth’s surface.  
The light trapping structure of SiNWs makes them good absorbers of light. This 
work was geared toward the preparation of high-density SiNWs and the optimization of 
the growth conditions and properties on low cost ITO-coated glass substrates. Under 
standard deposition conditions, SiNW growth can be improved using various catalysts 
with low eutectic points with Si. The research aims to determine whether the efficiency 
and stability of SiNW based thin film solar cells could be improved by synthesizing 
them via the PPECVD process method using various types and thicknesses of catalysts. 
The metals that can be used to catalyze the SiNWs include Sn, Al, Au and Zn at various 
thicknesses ranging from 10nm to 100nm.  
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The effect of catalyst type and thickness on the morphology, crystalline structure 
and optical properties of the grown SiNWs was investigated. The catalyst thickness was 
optimized and SiNW solar cells were fabricated and characterized.   
 
10.2 Key Findings  
 Zn metal is a promising candidate for catalyzing SiNWs, but it is not used 
frequently to grow SiNWs due to the difficulty in controlling the thickness during the 
preparation of Zn thin films. However, Zn metal was deposited successfully in this 
work by vacuum thermal evaporation and used for the first time as a catalyst to grow 
SiNWs by PPECVD. Using the Zn catalyst produced high-density SiNWs with a very 
interesting morphology.  
All of the catalysts used produced high-density SiNWs, and the morphological 
properties of the grown wires, such as diameter, length and shape, were sensitive to the 
type and thickness of the catalyst used. The grown SiNWs thickened and shortened for 
all catalyst types when the catalyst thickness increased from 10nm to 100nm, resulting 
in a reduction in the density of the SiNWs. According to the phase diagram of Si metal, 
the growth temperature is an important parameter in the preparation of SiNWs. 
 In this work, SiNWs were grown at 400°C, which was less than the eutectic point 
of Al-Si of 577°C, indicating that the growth mechanism is classified as VSS. However, 
the preparation mechanism of the SiNWs was under the VLS mechanism with the 
catalysts of Sn, Au and Zn. The crystalline structure of the grown SiNWs was studied 
by XRD, and this showed that the SiNWs catalyzed by Au had higher crystallinity than 
these the grown with other catalysts.  
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     Moreover, no diffraction peaks related to the Si structure were observed in the 
XRD patterns for the SiNWs prepared with Al and Sn catalysts, indicating that the 
prepared wires had low crystallinity. The XRD patterns of the SiNWs prepared using 10 
and 80nm thick Zn exhibited good crystallinity.  
     The PL spectra for all grown SiNWs catalyzed by Sn, Al, Au and Zn clearly 
showed a red emission band. In addition, green, blue and red emission bands were 
observed in the PL spectra of the NWs catalyzed with various Al thicknesses. The PL 
spectra of the SiNWs prepared with various Zn catalyst thicknesses showed green, blue 
and red emission bands in the spectra. That could be caused by the recombination of 
free electrons with the oxygen defect in the silicon oxide layer which coated the SiNWs. 
The first-order transverse optical mode (1TO) peak location in the Raman 
spectrum was dependent on catalyst type and thickness, and appeared in all the prepared 
SiNWs with various catalysts. The 1TO Raman peak was closest to the crystalline Si 
peak location in all the prepared SiNWs at a catalyst thickness of 80nm, except for the 
SiNWs prepared using 100nm of Au metal, in which the Raman peak was closest to the 
crystalline Si peak. 
 The crystal size of the prepared SiNWs was calculated from the Raman spectra. 
However, although calculating the particle size is important, few studies have focused 
on this aspect. The shift in 1TO Raman peak position confirmed that the particle size of 
the grown SiNWs decreased as the thickness of Sn, Al and Zn catalysts increased. The 
crystal size of the grown SiNWs catalyze with 10, 20, 40, 60 and 100nm of Sn, Al and 
Zn metals decreased with increasing catalyst thickness. However, contrary to this trend, 
the 80nm thick Sn, Al and Zn catalysts showed the largest crystal size of SiNWs. For, 
the SiNWs synthesized with the Au catalyst the crystal size increased as the catalyst 
thickness increased from 10nm to 100nm.  
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  The novel characteristics of the SiNWs were incorporated in this study to 
successfully fabricate SiNW-based solar cells catalyzed by Zn metal. In addition, 
several cell structures were designed and produced using Zn and Au catalysts to 
compare the influences of the morphology of the catalysts on the characteristics of the 
fabricated cells. 
  First, the p-i-n solar cell structure was fabricated as p-type SiNWs catalyzed by 
Zn metal and then covered by intrinsic and n-type amorphous Si layers. The fabricated 
solar cell exhibited high performance with 2.05% light conversion efficiency, as well as 
maximum photocurrent density and open-circuit voltage of 13.3mA/cm
2 
and 0.5V, 
respectively. Other solar cells were designed for the first time as homo-junction (p-n)-
structure solar cells consisting of SiNWs catalyzed with Zn and Au catalysts doped as p 
and n types to fabricate p-n homo-junctions within each wire. The surface morphology, 
structure, and photovoltaic properties were also investigated.  
       The two catalysts produced significantly different solar cells. The Zn catalyst 
produced SiNWs with larger diameters and shorter than those grown using the Au 
catalyst. The fabricated solar cell based on the Zn-catalyzed SiNWs revealed higher 
efficiency of 1.01% compared with the Au-catalyzed SiNW solar cell with an efficiency 
of 0.67%.    
 Therefore, the results showed that the p-i-n structure is more promising for 
fabricating solar cells and also that the Zn metal is a promising catalyst that can be used 
to prepare SiNW based solar cells. In this work, more studies are required to investigate 
the effect of the growth parameters on the NWs properties and in turn, to optimize the 
device design. However, Zn metal is promising catalyst that can be use to grow SiNWs  
and fabrication solar cell devices. 
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10.2 Suggestion for Future Work  
 
          The characteristics of the SiNW solar cells showed interesting performance and 
produce a basis to develop low cost SiNW based solar cells. However there is still much 
room to improve the cells performance by optimising the cell design such as the 
nanowire layer. This would include the doping profile with p- type SiNWs and growing 
denser arrays of NWs which provide better light trapping.  
 The growth temperature is a critical factor in determining the properties of the 
SiNWs. Thus, a study of the effect of different growth temperatures, substrate types, 
plasma frequencies and times of preparation on the morphological, structural and 
optical properties of SiNWs catalyzed by Sn, Al, Au and Zn metals would be very 
useful. The catalyst type plays an important role in the SiNW preparation. By using 
different metals, such as In, Ti, Cu and Ga nanowire with different electrical and optical 
properties can be grown. 
Fabrication of hetero-junction solar cells based on SiNWs is another important 
topic. CdS is an n-type semiconductor with a direct band gap of 2.42 eV, thus it could 
be used as a window layer to fabricate a n-CdS/p-SiNWs solar cell. Finally, to increase 
the light absorbance of solar cells, the epitaxial layer could be modified by growing 
specific structures to increase the optical path length, making epitaxial cell growth on 
textured substrates possible.   
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